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(57) Abstract: A method and apparatus are provided for combining pilot symbols and Transmit Parameter Signalling (TPS) chan- 
nels within an OFDM frame. The method uses Differential Space-Time Block Coding to encode a fast signalling message at an 
OFDM transmitter. At an OFDM receiver, the encoded fast signalling message can be decoded using differential feedback to recover 
information about the channel responses that would normally be carried by pilot symbols. In wireless data transmission employ- 
ing adaptive modulation and coding, an instantaneous channel quality measurement, independent of the origin of interference for 
example, neighboring-cell interference, white thermal noise, or residual Doppler shift is provided. Using the correlation between a 
signal which has been symbol de-mapped, and one which has also been soft decoded and re-encoded, a channel quality indicator is 
produced. Another embodiment uses TPS data as pilot symbols by decoding TPS and then re-encoding. 
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METHOD AND APPARATUS FOR CHANNEL QUALITY MEASUREMENTS 

FIELD OF THE INVENTION 

The invention relates to wireless data transmission, 
and more particularly to channel quality measurement in respect 
5 of such data transmission. 

BACKGROUND OF THE INVENTION 

Adaptive modulation and coding is a key enabling 
concept and technology for high-speed wireless data 
transmission. A wireless channel is typically a random fading 

10 channel. Adaptive coding and modulation is a commonly employed- 
solution for transmitting data over such an unknown channel. 
Conventional design methodology provides a large fade margin in 
the transmit signal power to combat deep fades which may occur. 
Such fade margins are typically at least 6dB, which represents 

15 a 200-30 0% throughput loss. The aim of adaptive coding and 
modulation is to fully utilize the channel capacity and to 
minimize the need to use such a fade margin by dynamically 
selecting the best coding and modulation configuration on-the- 
fly. This requires the transmitter to have accurate 

2 0 information about the instantaneous channel quality. Such 

instantaneous channel quality information is extracted at the 
receiver and fed back to the transmitter. The conventional 
approach is to measure the channel (signal) to interference 
power ratio (CIR) at the receiver front-end. Based on the 

2 5 instantaneous CIR and a targeted performance, the transmitter 

determines and applies the appropriate coding rate and 
modulation. In general, due to a complex propagation 
environment, a fast and accurate measurement of the CIR is a 
very difficult task. 

3 0 Conventional channel quality measurements can be 

classified into two categories: (1) pilot based channel quality 
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measurements and (2) decision feedback based channel quality 
measurements. These methods use the correlation of known 
sequences, typically Pseudo-Noise (PN) codes, with both the 
desired signal and the interference. For a slowly varying 
5 channel with a sufficient measurement time, the conventional 
methods can provide an accurate CIR measurement. 



estimation scheme will now be described. In the context of 
MIMO-OFDM (Multiple Input Multiple Output - Orthogonal 

10 Frequency Division Multiplexing) , the conventional channel 
quality measurement uses a pilot header containing two 
identical known OFDM symbols upon which to base an indication 
of the current channel quality. Figure 1 shows a first, second 
and third base transceiver station (BTS) 100, 110, and 120 

15 transmitting their respective signals, and a mobile station 13 0 
receiving these signals. Mobile station 13 0 is configured to 
receive, demodulate and decode a signal transmitted by the 
second base transceiver station 110. The signals transmitted 
by the first base transceiver station 100 and the third base 

20 transceiver station 120 are received as interference by the 
mobile station 130. A channel associated with the signal 
having received signal power C transmitted by base transceiver 
station 2 (BTS 2 ) 110 is the channel whose quality is to be 
measured. Suppose that we have N PN codes, and that the length 

2 5 of each PN code is N chips, we then have: 



This important relation that the PN codes form a near 
orthogonal set allows for the extraction of specific channels 
using the Pilot channel PN codes. In figure 1 only three BTSs 
3 0 are shown, and hence there are only three PN codes. The second 
BTS 110 encodes a signal whose associated channel quality is to 



Referring to figure 1, a conventional pilot based CIR 



PN r PNj**0 
PN r PN { = N 



1 < i < N. 
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be measured, at ENCODER- 2 112. The encoded signal is modulated 
using a PN Code which here is labelled Pilot -PN 2 114 before 
eventually being transmitted through an antenna 118 to the 
mobile station 130. The first BTS 100 encodes a signal, which 
5 appears as a first interference signal to the mobile station 
130, at ENCODER- 1 102. This encoded signal is modulated using 
a PN Code Pilot-PNi 104 before eventually being transmitted 
through an antenna 108. The third BTS 120 encodes a signal, 
which appears as a second interference signal to the mobile 

10 station 130, at ENCODER- 3 122. This encoded signal is 

modulated using a PN Code which here is labelled Pilot -PN 3 124 
before eventually being transmitted through an antenna 128. All 
three signals transmitted by antennas 108, 118, and 12 8 are 
received by the mobile station 13 0 at the receiver front-end 

15 134 through antenna 132. The received signal is then passed to 
a decoder 13 8 for extraction of the channel to be recovered. 
The received signal is also passed on to a first correlator 
140, a second correlator 142, and a third correlator 144. The 
correlators of figure 1, perform sub-operations corresponding 

2 0 to multiplication, summation, and absolute-value- squared, 

effectively performing an operation corresponding to taking an 
inner product of two inputs. The first correlator 140 performs 
a correlation between the received signal and the PN code 
Pilot -PN X/ which was used to modulate the signal appearing to 

2 5 the mobile as the first interference signal, and outputs an 

interference power I x . The second correlator 142 performs a 
correlation between the signal and the PN code Pilot -PN 2/ which 
was used to modulate the signal whose quality is to be 
measured, and outputs a signal power C. The third correlator 

3 0 144 performs a correlation between the received signal and the 

PN code Pilot-PN 3> which was used to modulate the signal 
appearing to the mobile as the second interference signal, and 
outputs an interference power I 2 . A calculating operation 150 
computes the CIR which in this case is simply C/(Ii+I 2 ) - 
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In general, this approach can be applied to M base 
transceiver stations. Let BTSi {\<i <M ) be the M adjacent base 
transceiver stations, E. x be the corresponding energy from the 
i th base station that is measured at the mobile station 130, let 
5 S be the combined total signal energy received by the mobile at 
receiver front-end 134, and let BTS 2 be the base transceiver 
station whose associated CIR is to be measured, then 

C = max(SPN i )=E 2 *N, and 

1*2 *V2 

10 In these equations C and I are energies although for the 

purposes of determining the ratio C/I, either energy or power 
may be used. Since the pilot header is composed of two 
identical OFDM symbols, the CIR calculation process can be 
based on the average over the two symbols, thus reducing noise. 

15 These methods, however, fail to work if the channel is a multi- 
path fading channel and/or mobility speed is high. One 
solution is to insert more pilots to improve the measurement 
quality, however, this introduces overhead which significantly 
reduces spectral efficiency. For example, in 2G and 3G 

2 0 wireless systems, the pilot overhead is about 20-35%, and the 
pilot design for these systems is not suitable for fast channel 
quality measurement. This is the case because fundamentally 
the accuracy of the channel quality measurement is limited by 
the Cramer-Rao lower bound, which implies that the accuracy of 

25 channel measurement can be gained only at the expense of more 
pilot overhead (either in time or in power) . 

As an example of this trade-off, in a proposed MIMO- 
OFDM system, a pilot header is transmitted every OFDM frame in 
10ms (15 slots) . To facilitate adaptive modulation in the 
30 mobility case, a CIR estimation must be fed back to the BTS 
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every 2ms (3 slots) . Therefore, CIR measurement based on a 
pilot header can not provide accurate instantaneous channel 
quality information. If the actual CIR does not change 
significantly during that 10 ms, then by measuring the energy 
5 of the pilots, one may roughly track the CIR. However, by 
doing so, the accuracy may diminish towards the end of the 
slot, as the assumption that the interference is a constant 
becomes more and more inaccurate. 

The above discussed channel quality measurement is 
10 for adaptive coding and modulation, and does not in any way 
relate to channel estimation. 

Channel quality measurement is a different concept 
from channel estimation. Channel quality measurement is 
performed to measure the channel quality so that proper coding 
15 and modulation set can be chosen. Channel estimation is 

performed to estimate the channel response so that coherent 
detection can be implemented. 

In some wireless communication systems that employ 
Orthogonal Frequency Division Multiplexing (OFDM) , a 
2 0 transmitter transmits data symbols to a receiver as OFDM frames 
in a MIMO (multiple input, multiple output) context. One of 
the key advantages of MIMO-OFDM systems is its ability to 
deliver high-speed data over a multi-path fading channel, by 
using higher QAM size, water pouring and/or adaptive 

2 5 modulation. In the MIMO-OFDM system, there are two major design 

challenges: (1) To combat high Doppler spread and fast fading 
due to high speed mobility (2) To provide a common fast 
signalling channel to realize fast physical and MAC layer 
adaptation signalling. To solve the mobility problem, a pilot 

3 0 channel is commonly used in OFDM design; such a pilot channel 

can be optimized by using the scattered (in time and frequency) 
pilot pattern. The common fast signalling channel design must 
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be sufficiently reliable to allow most of mobiles to detect the 
signalling, which introduces a significant amount of system and 
spectral overhead to sustain the signalling throughput. In the 
conventional OFDM design scattered pilot and fast signalling 
5 channel are arranged as separate overhead channels. 

The phase and amplitude of the data symbols may be 
altered during propagation along a channel, due to the 
impairment of the channel . The channel response may vary with 
time and frequency. In order to allow the receiver to estimate 

10 the channel response, pilot symbols are scattered among the 

data symbols within the OFDM frame. The receiver compares the 
values of the received pilot symbols with the known transmitted 
values of the pilot symbols, estimates the channel response at 
the frequencies and times of the pilot symbols, and 

15 interpolates the estimated channel responses to estimate the 
channel response at the frequencies and times of the data 
symbols . 

Transmit Parameter Signalling (TPS) symbols are also 
transmitted with the data symbols . The TPS symbols are 
20 transmitted over specified sub-carriers within the OFDM frame, 
and are used to provide common signalling channels to allow 
fast physical and media access control layer adaptation 
signalling . 

Both the pilot symbols and the TPS symbols are 

2 5 overhead, in that they do not carry data. In order to improve 

the data rate of an OFDM communication system, the overhead 
within the OFDM frames should be minimized. The minimization 
of overhead is particularly important in Multiple -Input 
Multiple-Output (MIMO) OFDM systems. In a MIMO OFDM system 

3 0 having M transmitting antennae and N receiving antennae, the 

signal will propagate over M x N channels and there may be up 
to M sets of pilot symbols in the overhead. An example of an 
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OFDM frame format with dedicated TPS and pilot channels is 
shown in Figure 7 for the single input, single output case. 
The horizontal axis 704 shows a circle representing the 
frequency of each of a plurality of OFDM sub-carriers. The 
5 vertical axis 706 is time, with each row representing an OFDM 
symbol. A set of OFDM symbols constitutes an OFDM frame. In 
this example, the pilot channel is transmitted in a scattered 
manner, with the pilot symbols being transmitted every third 
sub- carrier, and for each sub-carrier every sixth frame. Thus, 

10 the first sub-carrier 700 has pilot symbols 701 in the first, 
seventh (and so on) OFDM symbols. The fourth sub-carrier 702 
has pilot symbols 705 in the fourth, tenth (and so on) OFDM 
symbols. In addition, the third, ninth, 15 th , and 21 st sub- 
carriers of every OFDM symbol are used to transmit TPS symbols, 

15 collectively indicated at 708. The remaining capacity is used 
for traffic. 

SUMMARY OF THE INVENTION 

One embodiment of the invention provides a simple 
accurate and robust channel quality measurement method with 

2 0 broad applications such as UMTS and 3G wireless system 

evolution. Advantageously a channel quality indicator (CQI) is 
measured indirectly, simply, and accurately, and is independent 
of the mobile speed, independent of multi-path channel 
characteristics, and avoids Walsh Code Coherent Loss. The CQI 
25 is a measure of the overall quality of the channel, not just 
one factor, such as CIR. In addition the method is easy to 
implement, as it does not require any additional coding, such 
as PN codes used in CIR measurement . 

According to one broad aspect, a channel quality 

3 0 measurement apparatus is provided which is adapted to measure a 

quality of a channel over which has been transmitted a sequence 
of symbols produced by encoding and constellation mapping a 
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source data element sequence. The apparatus has a symbol de- 
mapper, receiving as input a sequence of received symbols over 
the channel whose quality is to be measured, the symbol de- 
mapper being adapted to perform symbol de -mapping on said 
5 sequence of received symbols to produce a sequence of soft data 
element decisions. There is a soft decoder, receiving as input 
the sequence of soft data element decisions produced by the 
symbol de-mapper, the soft decoder being adapted to decode the 
sequence of soft data element decisions to produce a decoded 

10 output sequence. An encoder receives as input the decoded 
output sequence produced by the soft decoder, said encoder 
being adapted to re -encode the decoded output sequence with an 
identical code to a code used in encoding the source data 
element sequence to produce a re -encoded output sequence. 

15 Finally, a correlator, receives as input the sequence of soft 
data element decisions produced by the de-mapper, and the re- 
encoded output sequence produced by the encoder, said 
correlator being adapted to produce a channel quality indicator 
output by determining a correlation between the sequence of 

20 soft data element decisions and the re-encoded output sequence. 

In some embodiments, the symbol de -mapper is adapted 
to perform QPSK symbol de -mapping. 

In some embodiments, the symbol de -mapper is adapted 
to perform Euclidean distance conditional LLR symbol de- 

2 5 mapping. 

Another broad aspect of the invention provides a 
method of measuring channel quality of a channel over which has 
been transmitted a sequence of symbols produced by encoding and 
constellation mapping a source data element sequence. The 

3 0 method involves receiving a sequence of received symbols over 

the channel whose quality is to be measured, symbol de-mapping 
said sequence of received symbols to produce a sequence of soft 
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data element decisions, decoding said sequence of soft data 
element decisions to produce a decoded output sequence, de- 
encoding said decoded output sequence to produce a re -encoded 
output sequence using a code identical to a code used in 
5 encoding the source data element sequence, and correlating 

said re-encoded output sequence, and said sequence of soft data 
element decisions to produce a channel quality indicator 
output . 

In some embodiments, the method is applied to measure 
10 an OFDM channel quality. 

Another broad aspect of the invention provides a 
communication system having a transmitter adapted to transmit a 
sequence of symbols produced by encoding and constellation 
mapping a source data element sequence over a channel; and a 

15 receiver having a) a symbol de-mapper, receiving as input a 
sequence of received symbols over the channel, said symbol de- 
mapper being adapted to perform symbol de-mapping on said 
sequence of received symbols to produce a sequence of soft data 
element decisions; b) a soft decoder, receiving as input the 

2 0 sequence of soft data element decisions produced by the symbol 
de -mapper, said soft decoder being adapted to decode the 
sequence of soft data element decisions to produce a decoded 
output sequence; c) an encoder, receiving as input the 
decoded output sequence produced by the soft decoder, said 

2 5 encoder being adapted to re-encode the decoded output sequence 

with an identical code to a code used in encoding the source 
data element sequence to produce a re-encoded output sequence; 
and d) a correlator, receiving as input the sequence of soft 
data element decisions produced by the de-mapper, and the re- 

3 0 encoded output sequence produced by the encoder, said 

correlator being adapted to produce a channel quality indicator 
output by determining a correlation between the sequence of 
soft data element decisions and the re-encoded output sequence. 
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The receiver is adapted to feed the channel quality indicator 
back to the transmitter, and the transmitter is adapted to use 
said channel quality indicator to determine and apply an 
appropriate coding rate and modulation to the source data 
5 element sequence . 

Another broad aspect of the invention provides a 
method of adaptive modulation and coding which involves 
transmitting over a channel a sequence of symbols produced by 
encoding and constellation mapping a source data element 

10 sequence, receiving a sequence of received symbols over the 

channel, symbol de -mapping said sequence of received symbols to 
produce a sequence of soft data element decisions, decoding 
said sequence of soft data element decisions to produce a 
decoded output sequence, re-encoding said decoded output 

15 sequence to produce a re-encoded output sequence using a code 
identical to a code used in encoding the source data element 
sequence, correlating said re-encoded output sequence, and said 
sequence of soft data element decisions to produce a channel 
quality indicator output, transmitting the channel quality 

20 indicator, and using said channel quality indicator to 

determine and apply an appropriate coding rate and modulation 
to the source data element sequence. 

Yet another broad aspect of the invention provides a 
method of determining a channel quality comprising correlating 
25 a soft data element decision sequence with a second data 
element sequence, the second data element sequence being 
produced by decoding the soft data element decision sequence to 
produce a decoded sequence and then re -encoding the decoded 
sequence . 

3 0 Another broad aspect of the invention provides a 

method which involves applying forward error coding to a 
signalling message to generate a coded fast signalling message, 
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MPSK mapping the coded signalling message to produce an MPSK 
mapped coded signalling message, mapping the MPSK mapped coded 
signalling message onto a plurality of sub-carriers within an 
OFDM frame comprising a plurality of OFDM symbols, encoding 
5 symbols of the MPSK mapped coded signalling message using 
Differential Space-Time Block Coding (D-STBC) in a time 
direction to generate encoded symbols, and transmitting the 
encoded symbols on a plurality of transmit antennas, with the 
encoded symbols being transmitted at an increased power level 
10 relative to other symbols within the OFDM frame as a function 
of channel conditions. 

In some embodiments, the encoded symbols are 
transmitted in a scattered pattern. 

In some embodiments, transmitting the encoded symbols 
15 on a plurality of antennas involves: on a selected sub-carrier, 
each antenna transmitting a respective plurality N of encoded 
symbols over N consecutive OFDM symbols, where N is the number 
of antennas used to transmit, for a total of NxN transmitted 
encoded symbols, the NxN symbols being obtained from D-STBC 
2 0 encoding L symbols of the MPSK mapped coded signalling stream, 
where L,N determine an STBC code rate. 

In some embodiments, the method further involves 
transmitting a set of pilot sub-carriers in at least one OFDM 
symbol, and using the pilot sub-carriers as a reference for a 
25 first set of D-STBC encoded symbols transmitted during 
subsequent OFDM symbols. 

In some embodiments, transmitting a set of pilot sub- 
carriers in at least one OFDM frame involves transmitting a 
plurality of pilots on each antenna on a respective disjoint 
30 plurality of sub-carriers. 



WO 03/034646 



PCT/CA02/01543 



12 

In some embodiments, each disjoint plurality of sub- 
carriers comprises a set of sub-carriers each separated by N-l 
sub- carriers f where N is the number of antennas. 

In some embodiments, pilot sub-carriers are 
transmitted for a number of consecutive OFDM frames equal to 
the number of transmit antennas. 

An OFDM transmitter adapted to implement any of the 
above methods is also provided. 

Another broad aspect of the invention provides a 
receiving method which involves receiving at at least one 
antenna an OFDM signal containing received D-STBC coded MPSK 
mapped coded signalling message symbols, recovering received 
signalling message symbols from the OFDM signal (s), re- 
encoding, MPSK mapping and D-STBC coding the received coded 
signalling message symbols to produce re-encoded D-STBC coded 
MPSK mapped coded signalling message symbols, and determining 
a channel estimate by comparing the received D-STBC coded 
mapped coded signalling message symbols with the re-encoded D- 
STBC coded MPSK mapped coded signalling message symbols. 

In some embodiments, a channel estimate is determined 
for each location (in time , frequency) in the OFDM signal 
containing D-STBC coded MPSK mapped coded signalling message 
symbols. The method further involves interpolating to get a 
channel estimate for remaining each location (in time, 
frequency) in the OFDM signal . 

In some embodiments, the method further involves 
receiving pilot symbols which are not D-STBC encoded which are 
used as a reference for a first D-STBC block of D-STBC coded 
MPSK mapped coded signalling message symbols. 
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An OFDM receiver adapted to implement any of the 
above methods is also provided. 

An article of manufacture comprising a computer- 
readable storage medium is also provided, the computer-readable 
5 storage medium including instructions for implementing any of 
the above summarized methods. 

Another broad aspect of the invention provides a 
method of generating pilot symbols from an Orthogonal Frequency 
Division Multiplexing (OFDM) frame received at an OFDM 

10 receiver, the OFDM frame containing an encoded fast signalling 
message in the form of encoded symbols within the OFDM frame. 
The method involves processing the encoded symbols based in a 
scattered pilot pattern to recover the encoded fast signalling 
message, re -encoding the fast signalling message so as to 

15 generate pilot symbols in the scattered pattern and recovering 
a channel response for the encoded symbols using decision 
feedback . 

In some embodiments, the fast signalling message is 
examined to see if the current transmission contains content 

2 0 for the OFDM receiver. Only if this is true is the channel 

response computation process continued for the current 
transmission. 

In some embodiments, processing the encoded symbols 
involves differentially decoding the encoded symbols using 
25 Differential Space-Time Block Coding (D-STBC) decoding to 

recover the encoded fast signalling message, applying Forward 
Error Correction decoding to the encoded fast signalling 
message to recover a fast signalling message, analyzing the 
fast signalling message to determine whether it includes a 

3 0 desired user identification and if the fast signalling message 

includes the desired user identification, re-encoding the fast 
signalling message using Forward Error Correction coding to 
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generate the encoded fast signalling message, and re-encoding 
the encoded fast signalling message using D-STBC. 

Another broad aspect of the invention provides a 
transmitter adapted to combine pilot and transmission parameter 
5 signalling on a single overhead channel within an OFDM signal. 

In some embodiments, a set of transmission parameter 
signalling symbols are transmitted on the overhead channel with 
strong encoding such that at a receiver, they can be decoded 
accurately, re-encoded, and the re-encoded symbols treated as 
10 known pilot symbols which can then be used for channel 
estimation. 

Another broad aspect of the invention provides a 
receiver adapted to process the combined single overhead 
channel produced by the above summarized transmitter. The 
15 receiver is adapted to decode a received signal containing the 
encoded transmission parameter signalling symbols as modified 
by a channel, re-encode the decoded symbols to produce known 
pilot symbols, compare received symbols with the known pilot 
symbols to produce a channel estimate. 

20 Other aspects and features of the present invention 

will become apparent to those of ordinary skill in the art upon 
review of the following description of specific embodiments of 
the invention in conjunction with the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 The invention will now be described in greater detail 

with reference to the accompanying diagrams, in which: 

Figure 1 is a diagram of a standard carrier to 
interference ratio (CIR) estimator using a known channel 
quality measurement technique; 
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Figure 2 is a diagram of a channel quality indicator 
(CQI) estimator constructed according to an embodiment of the 
invention; 

Figure 3 is a graph showing a QAM constellation to 
5 illustrate QPSK de -mapping according to an embodiment of the 
invention; 

Figure 4 is a graph showing simulation results of CQI 
versus SNR for different Doppler frequencies ; 

Figure 5 is graph showing statistical results of CQI 
10 measurements; 

Figure 6 is a graph showing a CDF of SNR measurement 
error based on the CQI; 

Figure 7 is a diagram of OFDM symbol allocation for 
dedicated pilot and TPS channels; 

15 Figure 8 is a block diagram of an OFDM system 

employing combined TPS and pilot signalling in a single 
overhead channel provided by an embodiment of the invention; 

Figure 9 is an OFDM symbol allocation diagram showing 
time and frequency differentials; 

2 0 Figure 10 is an example of an OFDM symbol allocation 

diagram showing pilot and TPS symbol locations; and 

Figures 11 and 12 are example performance results for 
the system of Figure 8 . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

2 5 According to one embodiment of the invention, a 

measurement of the quality of the received signal is obtained 
by measuring a value representative of the average distance 
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between the received signal and the reference signal 
constellation. In general the poorer the channel, the more 
scattered and random is the received signal on the reference 
signal constellation, and therefore the larger the average 
5 distance between the signal and its closest constellation 
reference point. 

In some implementations, the purpose of channel 
quality measurement, as was the case for C/I estimation, is for 
a successful coding rate and modulation assignment. A 

10 "successful" assignment here is one which achieves desired 

performance characteristics. In accordance with this purpose, 
a new channel quality measurement referred to herein as the 
"Channel Quality Indicator" (CQI) is provided. The CQI 
provides an overall assessment of the quality of the channel, 

15 including the effects of interference, multi-path fading, and 
Doppler spread. 

In developing the CQI, a soft output from a de- 
mapping function is used to obtain a measurement of channel 
quality, since the amplitude of the soft output can be used as 
20 an indication of the confidence of the signal. If the channel 
quality is high, the soft output value will be high, and vice 
versa. All the channel impairments will be reflected in such 
an indicator, independent of their source and character. This 
has been demonstrated by simulation results, which show that 

2 5 such an indicator is invariant to the interference, multi-path 

fading and Doppler spread. 

The preferred embodiment presented is based on an 
MIMO-OFDM frame structure in which a QAM constellation is 
employed, and provides an indirect channel quality measurement 

3 0 approach based on soft QAM demodulation and de -mapping. 

However, more generally, embodiments of the invention provide 
for any frame structure which employs a method of modulation 
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and mapping having an associated reference symbol constellation 
which can be used in soft demodulation and de -mapping such as 
PSK (phase shift keying) and PAM (pulse amplitude modulation) 
to name a few examples. 

5 Referring to figure 2, a preferred embodiment of the 

invention will now be described. It is assumed for the purpose 
of this example that a signal from a second base transceiver 
station 210 is a desired signal whose associated channel 
quality is to be measured by a mobile station 23 0, and that 

10 signals from two other (first and third) base stations 200, and 
220, can be considered to be noise by mobile station 230. 
There may be other sources of noise as well, and the channel 
may introduce distortions such as multi-path fades, residual 
Doppler shifts, and thermal white noise. The second BTS 210 

15 encodes an input sequence 213 (assumed to be a sequence of 
bits, but more generally a sequence of data elements) at 
ENCODER -2 212 to produce an encoded bit sequence. The encoded 
bit sequence contains redundancy which allows some error 
detection/correction at the receiver. The encoded bit sequence 

20 is then mapped to constellation points with symbol mapper 214. 
These constellation points are modulated and transmitted as a 
signal whose associated channel quality is to be measured. The 
signal is transmitted through an antenna 218 to a mobile 
station 230. The modulation type (and associated 

25 constellation) and type of coding employed by ENCODER- 2 212 are 
both adaptively selected as a function of a channel quality 
indicator fed back from the mobile station 23 0. 

The first BTS 200 encodes with ENCODER- 1 202 and maps 
with symbol mapper 2 04 to produce a signal, which appears as a 
30 first interference signal to the mobile station 230. This 

signal is transmitted through an antenna 208. The third BTS 
220 encodes with ENCODER- 3 222 and maps with symbol mapper 224 
to produce a signal which appears as a second interference 
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signal to the mobile station 230. This signal is transmitted 
through an antenna 228. All three channels transmitted by- 
antennas 2 08, 218, and 22 8 are received by the mobile station 
23 0 at the receiver front -end 2 34 through antenna 2 32, although 
5 in this example, the signal from the second base transceiver 
station 210 is the desired signal. According to the preferred 
embodiment, the received signal is then passed to a symbol de- 
mapper 236. The symbol de-mapper 236 takes raw symbol data 
from the receiver front end 234 and de-maps the raw symbol data 

10 taking into account the known signal constellation used at the 
transmitting base station 210 to produce a soft bit decision 
sequence. The de-mapped symbols (soft bit decisions) 
inherently constitute a representation of confidence, and are 
used as inputs to a soft decoder 238. The symbol de-mapper 

15 236 outputs a de-mapped output signal at output 237 both to the 
soft decoder 238 and to a correlator 250. The soft decoder 238 
performs soft decoding on the de-mapped output signal and 
outputs a soft decoded output signal to an encoder 240. The 
soft decoded output is also output at 23 9 as a receiver output, 

2 0 this being the best available estimate at the receiver of input 
sequence 213. Alternatively, a different receiver structure 
may be used to generate a receiver output. The encoder 24 0 re- 
encodes the output of the soft decoder to produce an encoded 
output signal and outputs this encoded output signal from 

25 output 242 to a correlator 250. The same encoding is used as 

was employed at ENCODER -2 212 of the base station 210. Assuming 
proper decoding and re-encoding, the output of the encoder 240 
is the same as the encoded sequence produced by the encoder 212 
at the base transceiver station 210. The correlator 250 

30 correlates the re-encoded sequence from the encoder output 242, 
with the de-mapped output signal (soft bit decision sequence) 
from the symbol de-mapper output 237. The correlator 250 
outputs this correlation as a channel quality indicator (CQI) . 
The higher this correlation, the closer the de-mapped symbols 
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are on average to the transmitted constellation symbols and as 
such the higher the channel quality. In the illustrated 
example, correlator 250 multiplies the re-encoded bit sequence 
242 with the soft bit decision sequence with multiplier 251. 
5 These are summed with summer 252, and then the square absolute 
value is taken as indicated at 2 53. Other methods of 
correlating may be employed. 

In one example implementation, the symbol de-mapper 
23 6, takes the input from the receiver front end 2 34, and 

10 performs de-mapping based on Euclidean distance. The preferred 
embodiment is described in the context of QPSK de-mapping, 
which is a special case of PSK de-mapping. Generally for PSK 
modulation, there are two types of de-mapping methods based on 
whether or not the PSK signals have been normalized. For 

15 coherent de-mapping, since the exact reference constellations 
are known, the optimum de- mapping is based on Euclidean 
distance; while for non-coherent de-mapping, which is often the 
case when differential encoding is used, de-mapping can only be 
based on angle. The de-mapping-based-on-angle method is a sub- 

2 0 optimum one, as it ignores the information carried in the 

amplitude of a signal. As a special case of PSK de-mapping, 
QPSK de-mapping does not depend upon signal normalization. As 
is the case in de-mapping higher QAM signals, QPSK de-mapping 
is based on an LLR (logarithm of likelihood ratio) and in this 

2 5 example, as described with reference to figure 3, uses 

Euclidean distance. The constellation depicted in figure 3 is 
a QPSK constellation with Grey mapping. Corresponding to the 
bit sequences 00, 01, 10 and 11 are constellation points S Q , S A , 
S 2 , and S 3 respectively, whose co-ordinates are (x 0 ,y 0 ), (*,,}/,), 

30 {x 29 y 2 ) , and (^3^3) respectively. Point (x,y) represents the 
signal input from the receiver front end 234. The soft de- 
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mapped bits b x b 2 using Euclidean distance LLR can be expressed 
as : 



e /2a 2 + e /2a 2 

e A ° 2 +e /2 ° 



b 2 =\og- 



/2<r 2 + e /2a 2 

-((^oM^o) 2 / -{{x-x 2 ) 2 +(y-y 2 ) 2 \/ ^ ' 

/2a 2 +e /2a 2 



5 where <j 2 =2EN of and E is the energy of per QPSK symbol. 

The calculation of bit b x can be simplified. Since 
the four QPSK constellation points have equal distance to the 
origin (0,0) : 

2,2 2,2 2,2 2,2 



10- Then b x simplifies to: 



b x = log 



z /2a 2 + e /2a 2 

4*-*o?+b-yfy -{(*-*Y+(y-yiYy " 

g /2a 2 +e /2a 2 



6 /<y2 +e /a 



(xx 3 +y>' 3 



( (xr 2 +y>' 2 )-(xr3+x>'3 
1 + C 



log- 



(x*, +>>>,)/ 



V / 



Since x 0 = x x and x 2 = x 3 
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Let D be the vertical distance in the I-Q plot between S 0 and 
£, , and between S 2 and S 3 . Therefore >> 0 = >> 2 -y 3 = Z> , and: 



6, = log e 



cr 



5 Because of the symmetry of the constellation x 3 —x 1 =-D . Since 
y x -y^ 9 b x can be expressed as: 

* D 

b,= -x 

cr 

Similarly, b 2 is expressed as: 

- D 

b 2 = — Ty 

cr 

10 If the noise is fixed, then the QPSK de-mapping algorithm can 
be simplified further to: 

b x = -x 
b 2 =-y , 

This is equivalent to two BPSK signals and is very easy to 
15 compute. 

In STBC (Space-Time Block Coding) , the combined QPSK 
signal x is normalized by the factor 5 2 = \h u \ 2 + \h 2l \ 2 +\h n \ 2 +\h 22 \ 2 
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where h nm are elements of an MIMO (Multiple Input Multiple 
Output) channel matrix. Suppose the noise variances of the 
four channels are the same, i.e., a 2 , then the noise power 
becomes (cr/S) 2 . Thus b x with STBC is 




5 

D 

This verifies therefore that QPSK in STBC de-mapping is not 
affected by different scaling factors used in normalization. 
The conditional LLR soft de-mapped bits b x b 2 are output to the 
soft decoder 238 which uses the de-mapped bits, and takes into 

10 account the data stream history information, the encoding 
algorithm which was used in Encoder-2 212, to make a best 
estimate of the original unencoded code word. This best 
estimate which is output from the soft decoder 238 is re- 
encoded by encoder 24 0 using the same encoding algorithm as 

15 encoder-2 212. The re-encoded code word is output from encoder 
output 242, to the correlator 250. The correlator 250 
correlates the conditional LLR output from output 23 7 of the 
symbol de-mapper 236, with the re-encoded code word output from 
output 242 of the encoder 240. The act of correlation projects 

2 0 the conditional LLR onto the re -encoded code word, the result 
of which is an inner product output which is used as the 
Channel Quality Indicator (CQI) . 

Advantageously the CQI, because it is a measure of 
the correlation between the symbol de-mapper output and the re- 
25 encoded sequence, indicates the channel distortion. The use of 
the likelihood value relies neither on the code type (block 
code, convolutional code, or turbo code) , nor on the decoding 
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method (hard or soft) , and does not distinguish where the 
interference originates, e.g., neighboring-cell interference, 
white thermal noise, or residual Doppler shift. The CQI uses 
all the information available for the estimation, not only the 
5 values of the de-mapped output, but the likelihood of being a 
code word as well, which is much more accurate than measuring 
soft output value alone, especially when the code rate is low. 
In figure 4, simulation results are shown in a graph of 
normalized CQI versus SNR for different Doppler frequencies for 

10 the Bi-orthogonal code (16,5). In figure 5 statistical SNR 
measurement error results are shown, and in figure 6, 
simulation results are shown in a CDF of SNR measurement error 
based on the CQI. These graphs show that for a given BER, the 
CQI is relatively invariant with respect to various Doppler 

15 frequencies and different channel models. This means that 

conversely, irrespective of channel conditions, the CQI can be 
used to provide a consistent representation of BER, and as such 
using the CQI to perform adaptive coding and modulation 
decisions, a desired BER can be achieved. This is accomplished 

2 0 by feeding back the CQI to the transmitter whose signal is 
associated with the channel whose quality is to be measured. 
Based on the CQI and the desired performance, the transmitter 
determines and applies the appropriate coding rate and 
modulation . 

2 5 Combined Pilot and TPS Channel 

In the above embodiment, coded transmit data is used 
at a receiver to generate a channel quality indicator for use 
in making adaptive coding and modulation decisions. In another 
embodiment of the invention, a method is provided of combining 

3 0 pilot symbols with Transmit Parameter Signalling (TPS) symbols 

within an Orthogonal Frequency Division Multiplexing (OFDM) 
frame in such a manner that channel estimation can still be 
performed. The method may be implemented at a SISO (single- 
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input single-output) transmitter or implemented at a Multiple- 
Input Multiple-Output (MIMO) OFDM transmitter, and can be 
described broadly as four steps. First, a fast signalling 
message is forward error coding (FEC) encoded to generate a 
5 coded fast signalling message. Second, the coded fast 

signalling message is mapped onto symbols within the OFDM 
frame. Third, the symbols are encoded using Differential 
Space-Time Block Coding (D-STBC) to generate encoded symbols. 
The D-STBC coding is preferably applied in the time direction 

10 of the OFDM frame, as the channel response of the channel over 
which scattered pilot sub-carriers are transmitted will usually 
vary more rapidly with frequency direction than with time 
direction, and so differential decoding at the OFDM receiver is 
more likely to yield a better estimate of the channel response 

15 if the differential decoding is with respect to symbols 

distributed along the time direction. Fourth, the encoded 
symbols are transmitted in a scattered pilot pattern at an 
increased power level relative to other traffic data symbols 
within the OFDM frame. In some embodiments, the power level is 

2 0 only increased relative to other traffic data symbols if 

channel conditions are poor. 

The method allows fast signalling messages to be used 
as pilot symbols, thereby reducing overhead within the OFDM 
frame . 

25 A method of extracting pilot symbols from an OFDM 

frame in which the pilot symbols have been combined with TPS 
symbols, as described above, is also provided. The method is 
implemented at a MIMO OFDM receiver when an OFDM frame 
containing encoded symbols is received at the OFDM receiver, 

3 0 and can be described broadly as eight steps. First, the OFDM 

receiver recovers the encoded symbols based on the scattered 
pattern to recover the D-STBC blocks. Second, the OFDM 
receiver differentially decodes the recovered D-STBC blocks 
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using D-STBC decoding to recover the FEC encoded fast 
signalling message. Third, the OFDM receiver applies FEC 
decoding to the FEC encoded fast signalling message to recover 
the fast signalling message. Fourth, the OFDM receiver 
5 analyzes the fast signalling message to determine whether it 
includes a desired user identification. If the fast signalling 
message includes the desired user identification, then the OFDM 
receiver knows that the current TPS frame contains data for the 
user and continues processing the OFDM frame. As a fifth step, 

10 the OFDM receiver re-encodes the fast signalling message using 
FEC coding. Sixth, the OFDM receiver re-encodes the encoded 
fast signalling message using D-STBC encoding. If the fast 
signalling message does not include the receiver's user 
identification, then power can be saved by not proceeding to 

15 conduct the rest of the channel estimation steps. 

Now the TPS symbols having been D-STBC re -encoded can 
be used as pilots. A channel response for the D-STBC encoded 
symbol can be obtained by comparing the known transmitted 
pilots (re-encoded TPS data) with the received signals. A 

2 0 channel response is obtained for each TPS insertion point. The 

channel responses thus determined can then be used to 
interpolate a channel response for every traffic data symbol, 
at all times and frequencies, within the OFDM frame. 
Preferably, this is done by performing a 2 -dimensional 
25 interpolation (in time direction and frequency direction) to 
generate channel estimate for some points where TPS were not 
inserted. This is followed by an interpolation in frequency to 
generate a channel estimate for every sub- carrier of OFDM 
symbols containing TPS data. In some embodiments, every OFDM 

3 0 symbol contains some TPS insertion points and as such this 

completes the interpolation process. In other embodiments, 
there are some OFDM symbols which do not have any TPS insertion 
points. To get channel estimates for these OFDM symbols, an 
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interpolation in time of the previously computed channel 
estimates is performed. In high mobility applications, TPS 
should be included in every OFDM symbol avoiding the need for 
this last interpolation in time step. 

5 A fast algorithm may be applied at the OFDM receiver 

when computing a Discrete Fourier Transform based on the 
scattered pattern in order to extract the combined pilot and 
fast signalling message. This reduces power consumption at the 
OFDM receiver. 

10 The invention has been described with respect to a 

MIMO-OFDM communication system. The invention may also be used 
in a single transmitter OFDM communication system, but will be 
of less advantage as the number of pilot symbols transmitted as 
overhead is more manageable than in MIMO OFDM communication 

15 systems. 

The method of combining pilot symbols with the TPS 
channels and the method of extracting pilot symbols are 
preferably implemented on an OFDM transmitter and on an OFDM 
receiver respectively in the form of software instructions 

2 0 readable by a digital signal processor. Alternatively, the 

methods may be implemented as logic circuitry within an 
integrated circuit. More generally, the methods may be 
implemented by any computing apparatus containing logic for 
executing the described functionality. The computing apparatus 
25 which implements the methods may be a single processor, more 

than one processor, or a component of a larger processor. The 
logic may comprise external instructions stored on a computer- 
readable medium, or may comprise internal circuitry. 

One of the constraints of conventional STBC is the 

3 0 need for accurate knowledge of channel information. In order 

to eliminate the requirements for channel knowledge and pilot 
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symbol transmission, D-STBC is preferable for high mobility 
application. 

A detailed example will now be provided for the case 
where a 2 -input, 2 -output system is being employed, although 
5 the technology is applicable to arbitrary numbers of antennas, 
also, for this example, an OFDM symbol having 2 5 sub- carriers 
is assumed, although any number of sub-carriers may be 
employed. This example is assumed to operate on with frames of 
16 OFDM symbols, but more generally any length of frame may be 
10 employed. 

A preferred D-STBC scheme is shown in Figure 8 and 
described in detail below. To design the D-STBC for MIMO-OFDM, 
there are 3 major issues to be addressed. 

1. Differential direction, 
15 2. Data protection, 

3. Initialization/reset. 

Differential Direction 

One of the critical assumptions for any differential 
encoding is that the channel variation between two coded 

2 0 symbols should be sufficiently small. For the time- frequency 

structure of the OFDM signal as shown in Figure 9, the channel 
variation along the frequency axis represents the multi-path 
channel induced frequency selectivity, the channel variation 
along the time axis represents the temporal fading variation. 
25 The differential encoding direction should be optimized. 

Differential in frequency is limited by the channel 
coherence bandwidth determined by the mult i -path delay spread. 
The phase shift between two adjacent pilots could be very 
large, for example, for the ITU Vehicular A channel, if the two 

3 0 pilot blocks are 16 bins apart, then the phase shift of the 

channel between the two positions can be as high as it, which 
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makes differential decoding impossible. To solve this problem, 
the span of pilots in the frequency domain must be reduced. 
However, this will further increase the pilot overhead. 

Differential in time is limited by Doppler frequency 
5 caused by high-speed mobility. For practical channel models, 
we can assume that the channel remains approximately the same 
along several OFDM symbols. The channel variation along the 
time direction varies much slower than along the frequency 
direction, therefore, D-STBC should preferably be encoded along 
10 time direction. According to a preferred embodiment of the 
invention, due to the STBC structure, a pair of the STBC 
encoded TPS symbols are allocated on the same frequency index 
(sub-carrier) of two adjacent OFDM symbols. The two possible 
differentials are shown in Figure 9. Differential in time 
15 encoding is generally indicated by 90 0 and differential in 
frequency encoding is generally indicated by 902. 

Data Protection 

FEC encoding is preferably applied to TPS data, since 
the decoding of the TPS data is critical for configuring the 

2 0 receiver to detect the traffic data correctly and for the 

correct re-encoding of the TPS data so as to allow an accurate 
decision feedback to reliably convert the TPS into a scattered 
pilot. A (32, 6) Hadamard code might for example be used. 
However, the code selection is not limited to this code alone. 

25 Initialization and Reset 

D-STBC relies on two consecutively received code 
blocks to decode the current block of data. Since the OFDM 
header may not employ D-STBC for the reason of frequency offset 
and sampling frequency estimation etc., the first received D- 

3 0 STBC block does not have any previous blocks to do the 

differential processing. This means that the first block of 
TPS cannot carry any signaling information. To solve this 
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problem, preferably pilot channel OFDM symbols are periodically 
inserted in the OFDM symbols. An example of this is shown in 
Figure 10 where pilot symbols are inserted in every sub-carrier 
periodically, for example 2 pilot channel OFDM symbols for 
5 every 2 0 OFDM symbols. The pilot symbols transmitted on the 
pilot channel OFDM symbols are preferably sent only by one 
antenna at a time for a given frequency. For example, in a two 
antenna system, the pilot symbols may alternate in frequency 
between the first and second antenna. This is shown in Figure 

10 10 where two OFDM symbols 910,912 are used to transmit pilot 
symbols, and every odd sub-carrier is used for the first 
antenna, and every even sub- carrier is used for the second 
antenna. These pilot symbols may then be used as a reference 
for subsequent D-STBC symbols. For each antenna, interpolation 

15 can be performed to obtain pilot information for the 

intervening non- transmitted sub-carriers. Thus, interpolation 
is performed for the even sub-carriers for the first 
transmitter, and interpolation is performed for the odd sub- 
carriers for the second transmitter. 

2 0 The channel information obtained from the pilot 

header is then used to decode the first blocks of TPS. Since 
the pilot header is transmitted periodically, the D-STBC 
encoder is also reset at the same frequency. After the first 
blocks of TPS are processed, the user has also obtained the 
25 first blocks of D-STBC references. In addition, the resetting 
of D-STBC encoder by periodic pilot headers prevents error 
propagation in the decision- feedback channel estimation 
process . 

Figure 10 also shows the example locations of TPS 

3 0 symbols and of data symbols. In this example, the first two 

OFDM symbols 910,912 of every 20 symbol cycle contain pilot 
symbols as discussed above. The third through 2 0 th frames 
contain TPS or data. A diamond lattice pattern is used for TPS 
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symbols, with every third sub-carrier containing TPS symbols, 
alternating between three sets of two TPS symbols on the first, 
seventh, thirteenth, nineteenth and twenty- fifth sub-carriers 
914,916,918,920,922, and two sets of two TPS symbols on the 
5 fourth, tenth, sixteenth and twenty-second sub-carriers 
924, 925, 926, 928 . 

Unlike the pilot symbols transmitted in frames 
910,912 which are transmitted by one antenna per sub-carrier, 
for each TPS symbol location shown in Figure 10 TPS data is 
10 transmitted all of the antennas, (i.e. by both antennas in our 
example) . The TPS data transmitted on the two antennas 
collectively forms a common TPS channel. 

Figure 11 shows TPS bit error rate versus SNR curves 
for various Doppler frequencies. As we can see from the 
15 figure, it is very robust to Doppler spread. Figure 12 shows 
the simulation results for traffic channel based on TPS 
assisted channel estimation. From this figure, it can be seen 
that the degradation due to TPS decoding error is negligible. 

The details of the preferred D-STBC approach will now 

2 0 be explained. D-STBC involves the recursive computing of a 

transmission matrix. By "dif f erential , " it is meant the 
current transmitted D-STBC block is the matrix product 
operation between the previously transmitted D-STBC block and 
the current STBC block input . 

25 As indicated previously, preferably TPS data is 

transmitted on two consecutive OFDM symbols for the same sub- 
carrier for a set of sub- carriers which may change from one set 
of two OFDM symbols to another set of two OFDM symbols. More 
generally, for a MIMO system with N antennas, TPS data is 

3 0 transmitted over N consecutive OFDM frames for the same sub- 

carrier. The transmission matrix is an NxN matrix that 
determines what to transmit on the N (consecutive OFDM frames) 
x N (number of antennas) available TPS symbol locations. For 
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the example being described in detail, N=2 . The actual amount 
L of TPS data transmitted depends on the D-STBC code rate. For 
example, if there are four antennas, then a 4x4 STBC matrix is 
obtained from encoding three symbols from the MPSK mapped TPS 
5 signalling stream. 

Referring to Figure 10, the first sub-carrier 
transmitted by both antennas will contain TPS data on the 
third, fourth, ninth, tenth, and 15 th , 16 th frames. The data 
will be both time and space differentially encoded meaning that 
10 there is information both in the difference between symbols 
sent at different times (differential time) , and in the 
difference between symbols sent on different antennas 
(differential space) . 

The first and second pilot symbols 93 0 (frame 910) 
15 and 932 (frame 912) transmitted by the first antenna on the 

first sub-carrier and an interpolated value for the first pilot 
and second pilot symbols transmitted by the second antenna on 
the first sub-carrier collectively provide a reference for the 
first two TPS symbols 934,936 transmitted by the two antennas. 
2 0 Subsequent TPS symbols rely on previously transmitted TPS 
symbols as references. 

Referring now to Figure 8, the forward error 
corrected TPS data to be transmitted on a given sub-carrier is 
indicated as a sequence {Ci, C 2 ...} 950, assumed to be M-ary in 

2 5 nature. This is M-PSK mapped at 952. M-PSK symbols are then 

processed pairwise (for the 2x2 case) with a pair of M-PSK 
symbols at time i being referred to as {x 1#i/ x 2/ ±} • Space time 
block coding produces a 2x2 STBC matrix H x ,i 954 which contains 
Xi,i , x 2#i in a first column and -x 2 ,i*, Xi,i* in the second 

3 0 column. For the purpose of the TPS frames, the STBC block 

index i increments once every 2 OFDM symbols. A counter m will 
represent OFDM symbols with the m th and m+l th OFDM symbol from 
transmitter STBC block index i, m=2i. In the Figure, the 
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output of the encoder at time i is identified as H 2 ,i, 956 with 
the output at time i-1 identified as H Z/i -i stored in delay 
element 958. H Zri has the same structure as H X/i . The following 
encoder equation can be obtained for the output as a function 
5 of the input : 

where H zi is the D-STBC matrix at STBC block index i , H xi is the 

STBC input matrix at STBC block index / , and E x is the energy 

of each signal in H xi . The output H zi is a 2x2 matrix having 

10 four elements with the first row of the elements being 

transmitted on one antenna 960, and second row of the elements 
being transmitted on the other antenna 962. For the example of 
Figure 10, the matrix H 2i is transmitted collectively by the 

two antennas during TPS symbol locations 934,936 of the first 
15 sub-carrier using the pilot symbols as the reference. 

Referring again to Figure 8, at a single antenna 

receiver, the antenna receives a signal Y x = yi{m\y x (m + l) at STBC 

block index i over two OFDM frames m,/w + l for each sub-carrier. 

This will be received on a single sub-carrier over two OFDM 
2 0 frames. 

To understand D-STBC is to observe the following key 
equation which holds true for antenna 1: 

" yM ] = H A 



1 rr -2)" 

■ti v , 



*l*0»-i). 

where y x (m\ y x {m+\) is the received signal over two OFDM frames 
2 5 for STBC block index i, H xi is the STBC block input at STBC 
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block index i, E x is the energy of signal elements in H xi , A u 
is the channel matrix for receive antenna 1 representing the 
channel response h n from first transmit antenna to the receive 
antenna and h 2l for the second transmit antenna to the receive 
antenna at STBC block index i , and H zi is the transmitted D- 
STBC block signal at STBC block index i . D-STBC can only be 
applied to PSK modulation, and therefore, E x is a fixed value. 

Also, H zi takes the same format as H xi , i.e., 



'2,i 



10 From the equation 



y x (m + \)_ 



i — H . 

7*7 ' 



y x (m-2) 



we can obtain H xi from the four consecutively received signals 

y x {m-l\ y x {m-\), ^(w), y x {rn + \). Note that in the case of multiple 
15 receiver antennas, the same expression holds true for each 

antenna. Since D-STBC works on STBC blocks, it also has the 
same soft failure property as STBC, i.e., the system will not 
break down due to transmitting antennas failure - as long is 
still at least one antenna working. In addition, the code 
20 design for MIMO channel is in fact a task for STBC, and is 

irrelevant to D-STBC. Therefore, D-STBC can be easily expanded 
to the case with transmitter diversity of order more than 2 . 

Other System Design Considerations 

Encoding 

25 Although theoretically the differential encoding is 

after STBC encoding, (i.e. STBC matrix Hx, i is computed and 
then Hz,i is computed), in practice, these steps can be 
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reversed in order. The main advantage of reversing the order 
is that the STBC encoding process can be unified, which makes 
it very simple and easy to implement. To elaborate, we can 
calculate z u and z 2| . from x u and x 2i first, then puncture or 
5 insert z M and z 2i into the data stream that are to be STBC 

encoded. The elements z Xi and z 2i can be calculated as follows: 

1 ( _ *) 

Z U ~~ \ X \,i Z \,i-\ X 2 t i Z 2j-\ ) 

1 I *\ 

Z 2,i ~~ \ X \,i Z 2j-\ + X 2j Z U-\ ) 

The above equation is the only operation needed for D-STBC 
encoder, where no matrix operation is involved. One row of the 
10 resultant matrix H zi , namely z xi , z 2i is transmitted by one 

antenna, and the other row, namely -z* 2i , z\ { is transmitted by 
the other antenna. 

Decoding 

The decoding of differentially encoded STBC code can 
15 be simplified into one step even simpler than STBC decoding 
itself, considering that there is no channel estimation is 
needed. Note that all the calculation here is carried out in 
the frequency domain, therefore, the relation between the 
transmitted signal and the channel is multiplication, rather 
2 0 than convolut ion . 

Define : 

° m : OFDM symbol index in time 
° i : OFDM channel estimation index = 2m 
° k : OFDM sub- carrier index 
2 5 ° x u : first PSK symbol to form STBC block H xi 

° x 2i : second PSK symbol to form STBC block H xi 

° yj( m ) : received signal at antenna 7=1,2 
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The transmitted STBC coded signal (i.e., before the 
differential encoder) at time m and m+\ is: 



v 2,/ 



X 2,i X U 

where the column number is in space domain, while the row 
5 number is in time domain. Note the relationship hold true on a 
per sub-carrier basis. 

With differential coding, the received signal at two 
receiving antennas for STBC block index can be expressed as 
follows for each sub-carrier, (sub-carrier index not shown) 
10 where again m = 2i : 





1 




X 2,i' 




[m- 


-2)1 








x[ _ 




{m 


-1). 




i 




X 2j' 




{m 


"2)1 


y 2 (m + l) 






X l_ 


y-L 


(m 


-1). 



15 



From the above two equations, the maximum likelihood signals of 
x u and x 2 . can be obtained as : 

x u =yM- 2 )* y x (m) + y x (m - l)^, (m + 1)* 
+ y 2 {m- 2)" y 2 (m) + y 2 {m- \)y 2 (m + l)* 

x 2,i =yM- 0* y\ ( m ) - yi ( m - 2 )y^ ( m + l T 

+ y 2 (m- l)* y 2 (m)- y 2 (m - 2)y 2 {m + l)* 



or in a matrix form: 







X 2,i _ 





yM- 2 )' yM~ l ) 

yXm-lf -y,(m-2] 
y 2 (m-2)' y 2 (m-l) 



yM) ' 

y^m + lj 



20 



y 2 {m-\)' -y 2 (m-2)JL>' 2 (w + iy 

It is the above matrix equation is depicted in block diagram 
form in the receiver path of Figure 8 . 
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10 



20 



Channe 1 est ima t ion 

Since the finally transmitted data are D-STBC 
encoded, channel parameters for each path can only be estimated 
through re -encoding the decoded data, after TPS have been 
successfully decoded. This decision- feedback approach is the 
key in how to make use of TPS as scattered pilots. 

Suppose that after D-STBC re-encoding, we obtain z xi 
and z 2i , which correspond to x u and x 2i , respectively, then from 
receiver antenna 1 we have 









~h u (m)~ 






* * 





By solving the above equation, we get 



where 



h u (m) 


1 






h 2l (m) 


~5 2 


jli z u _ 


y x (m + 1) 




5 2 = 


--\ z u 2 +|^| 


2 



15 In a similar way, we can estimate h l2 (m 9 k) and h 22 (m 9 k) from the 
signals received at receiver antenna 2 : 

\h n {mj 



1 


z u ~ z u 


y 2 M ' 


. ~ 82 


_ Z 2.i Z 2,i _ 


_y 2 (m + l) 



It needs to be noticed that for each STBC block, we can only 
obtain one set of channel information for the current time, 
with the assumption that the channel will approximately be the 
same during this period. As pointed out earlier, this condition 
can be easily satisfied. Again, all of this is done for each 
sub-carrier used to transmit STBC blocks of pilot /TPS data. 

What has been described is merely illustrative of the 
2 5 application of the principles of the invention. Other 

arrangements and methods can be implemented by those skilled in 
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the art without departing from the spirit and scope of the 
present invention . 
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We claim: 

1. A channel quality measurement apparatus adapted to 
measure a quality of a channel over which has been transmitted 
a sequence of symbols produced by encoding and constellation 

5 mapping a source data element sequence, the apparatus 
comprising : 

a symbol de -mapper, receiving as input a sequence of 
received symbols over the channel whose quality is to be 
measured, said symbol de -mapper being adapted to perform symbol 
10 de-mapping on said sequence of received symbols to produce a 
sequence of soft data element decisions; 

a soft decoder, receiving as input the sequence of 
soft data element decisions produced by the symbol de-mapper, 
said soft decoder being adapted to decode the sequence of soft 
15 data element decisions to produce a decoded output sequence ; 

an encoder, receiving as input the decoded output 
sequence produced by the soft decoder, said encoder being 
adapted to re-encode the decoded output sequence with an 
identical code to a code used in encoding the source data 
2 0 element sequence to produce a re -encoded output sequence; and 

a correlator, receiving as input the sequence of soft 
data element decisions produced by the de-mapper, and the re- 
encoded output sequence produced by the encoder, said 
correlator being adapted to produce a channel quality indicator 
2 5 output by determining a correlation between the sequence of 

soft data element decisions and the re-encoded output sequence. 

2 . A channel quality measurement apparatus according to 
claim 1 wherein the symbol de -mapper is adapted to perform QPSK 
symbol de-mapping. 
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3. A channel quality measurement apparatus according to 
claim 1 wherein the symbol de-mapper is adapted to perform 
Euclidean distance conditional LLR symbol de-mapping. 

4. A method of measuring channel quality of a channel 

5 over which has been transmitted a sequence of symbols produced 
by encoding and constellation mapping a source data element 
sequence, the method comprising: 

receiving a sequence of received symbols over the 
channel whose quality is to be measured; 

10 symbol de-mapping said sequence of received symbols 

to produce a sequence of soft data element decisions ; 

decoding said sequence of soft data element decisions 
to produce a decoded output sequence; 

re-encoding said decoded output sequence to produce a 
15 re-encoded output sequence using a code identical to a code 
used in encoding the source data element sequence; and 

correlating said re-encoded output sequence, and said 
sequence of soft data element decisions to produce a channel 
quality indicator output . 

20 5. A method of channel quality measurement according to 

claim 4 wherein the symbol de -mapping of said sequence of 
received symbols is QPSK symbol de-mapping. 

6. A method of channel quality measurement according to 
claim 4 wherein the symbol de -mapping of said sequence of 

25 received symbols comprises Euclidean distance conditional LLR 
de- mapping. 

7. A method of measuring OFDM channel quality of an OFDM 
channel over which has been transmitted a sequence of OFDM 
symbols, the OFDM symbols containing an encoded and 
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constellation mapped source data element sequence, the method 
comprising: 

receiving a sequence of OFDM symbols over the OFDM 
channel whose quality is to be measured; 

5 symbol de-mapping said sequence of received symbols 

to produce a sequence of soft data element decisions; 

decoding said sequence of soft data element decisions 
to produce a decoded output sequence pertaining to the source 
data element sequence; 

10 re-encoding said decoded output sequence to produce a 

re-encoded output sequence using a code identical to a code 
used in encoding the source data element sequence; and 

correlating said re -encoded output sequence, and said 
sequence of soft data element decisions to produce a channel 
15 quality indicator output. 

8. A method of OFDM channel quality measurement 
according to claim 7 wherein the symbol de -mapping of said 
sequence of received symbols is QPSK symbol de-mapping. 

9. A method of OFDM channel quality measurement 

2 0 according to claim 7 wherein the symbol de -mapping of said 
sequence of received symbols comprises Euclidean distance 
conditional LLR de-mapping. 

10. A method of OFDM channel quality measurement 
according to claim 7 wherein the decoding of said sequence of 

2 5 soft data element decisions to produce a decoded output 

sequence further comprises using a history of the soft data 
element decisions, and using information about encoding of the 
sequence of symbols transmitted over the channel. 

11. A communication system comprising: 
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a transmitter adapted to transmit a sequence of 
symbols produced by encoding and constellation mapping a source 
data element sequence over a channel; and 

a receiver comprising: 

5 a) a symbol de-mapper, receiving as input a sequence 

of received symbols over the channel, said symbol de-mapper 
being adapted to perform symbol de-mapping on said sequence of 
received symbols to produce a sequence of soft data element 
decisions; 

10 b) a soft decoder, receiving as input the sequence 

of soft data element decisions produced by the symbol de- 
mapper, said soft decoder being adapted to decode the sequence 
of soft data element decisions to produce a decoded output 
sequence ; 

15 c) an encoder, receiving as input the decoded output 

sequence produced by the soft decoder, said encoder being 
adapted to re-encode the decoded output sequence with an 
identical code to a code used in encoding the source data 
element sequence to produce a re-encoded output sequence; and 

2 0 d) a correlator, receiving as input the sequence of 

soft data element decisions produced by the de-mapper, and the 
re-encoded output sequence produced by the encoder, said 
correlator being adapted to produce a channel quality indicator 
output by determining a correlation between the sequence of 

2 5 soft data element decisions and the re-encoded output sequence, 

wherein the receiver is adapted to feed the channel 
quality indicator back to the transmitter, and wherein the 
transmitter is adapted to use said channel quality indicator to 
determine and apply an appropriate coding rate and modulation 

3 0 to the source data element sequence. 
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12 . A communication system according to claim 11 wherein 
the symbol de-mapper is adapted to perform QPSK symbol de- 
mapping . 

13. A communication system according to claim 11 wherein 
5 the symbol de-mapper is adapted to perform Euclidean distance 

conditional LLR symbol de -mapping. 

14. A method of adaptive modulation and coding 
comprising : 

transmitting over a channel a sequence of symbols 
10 produced by encoding and constellation mapping a source data 
element sequence; 

receiving a sequence of received symbols over the 

channel ; 

symbol de -mapping said sequence of received symbols 
15 to produce a sequence of soft data element decisions; 

decoding said sequence of soft data element decisions 
to produce a decoded output sequence; 

re-encoding said decoded output sequence to produce a 
re-encoded output sequence using a code identical to a code 
2 0 used in encoding the source data element sequence; 

correlating said re-encoded output sequence, and said 
sequence of soft data element decisions to produce a channel 
quality indicator output; 

transmitting the channel quality indicator; and 

25 using said channel quality indicator to determine and 

apply an appropriate coding rate and modulation to the source 
data element sequence. 
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15. A method of adaptive modulation and coding according 
to claim 14 wherein the symbol de-mapping of said sequence of 
received symbols is QPSK symbol de-mapping. 

16. A method of adaptive modulation and coding according 
5 to claim 14 wherein the symbol de-mapping of said sequence of 

received symbols comprises Euclidean distance conditional LLR 
de -mapping . 

17. A method of determining a channel quality comprising 
correlating a soft data element decision sequence with a second 

10 data element sequence, the second data element sequence being 
produced by decoding the soft data element decision sequence to 
produce a decoded sequence and then re -encoding the decoded 
sequence . 

18. A method comprising: 

15 applying forward error coding to a signalling message 

to generate a coded fast signalling message; 

MPSK mapping the coded signalling message to produce 
an MPSK mapped coded signalling message; 

mapping the MPSK mapped coded signalling message onto 
2 0 a plurality of sub- carriers within an OFDM frame comprising a 
plurality of OFDM symbols; 

encoding symbols of the MPSK mapped coded signalling 
message using Differential Space-Time Block Coding (D-STBC) in 
a time direction to generate encoded symbols; and 

2 5 transmitting the encoded symbols on a plurality of 

transmit antennas, with the encoded symbols being transmitted 
at an increased power level relative to other symbols within 
the OFDM frame as a function of channel conditions. 
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19. A method according to claim 18 wherein the encoded 
symbols are transmitted in a scattered pattern. 

20. A method according to claim 18 wherein transmitting 
the encoded symbols on a plurality of antennas comprises: 

5 on a selected sub-carrier, each antenna transmitting 

a respective plurality N of encoded symbols over N consecutive 
OFDM symbols, where N is the number of antennas used to 
transmit, for a total of NxN transmitted encoded symbols, the 
NxN symbols being obtained from D-STBC encoding L symbols of 
10 the MPSK mapped coded signalling stream, where L,N determine an 
STBC code rate . 

21. A method according to claim 2 0 further comprising: 

transmitting a set of pilot sub-carriers in at least 
one OFDM symbol ; 

15 using the pilot sub-carriers as a reference for a 

first set of D-STBC encoded symbols transmitted during 
subsequent OFDM symbols. 

22. A method according to claim 21 wherein transmitting a 
set of pilot sub-carriers in at least one OFDM frame comprises: 

20 transmitting a plurality of pilots on each antenna on 

a respective disjoint plurality of sub-carriers. 

23. A method according to claim 22 wherein each disjoint 
plurality of sub-carriers comprises a set of sub-carriers each 
separated by N-l sub-carriers, where N is the number of 

25 antennas. 

24. A method according to claim 22 wherein pilot sub- 
carriers are transmitted for a number of consecutive OFDM 
frames equal to the number of transmit antennas. 
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25. A method according to claim 18 wherein the signalling 

message contains an identification of one or more receivers who 
are to receive data during a current TPS frame. 

2 6 An OFDM transmitter adapted to implement a method 

5 according to claim 18. 

27. An OFDM transmitter adapted to implement a method 
according to claim 20. 

28. A receiving method for an OFDM receiver comprising: 

receiving at at least one antenna an OFDM signal 
10 containing received D-STBC coded MPSK mapped coded signalling 
message symbols; 

recovering received signalling message symbols from 
the OFDM signal (s); 

determining from the signalling message symbols 
15 whether a current OFDM transmission contains data to be 
recovered by the receiver; 

upon determining the current OFDM transmission 
contains data to be recovered by the receiver: 

a) re -encoding, MPSK mapping and D-STBC coding the 

2 0 received coded signalling message symbols to produce re-encoded 
D-STBC coded MPSK mapped coded signalling message symbols; 

b) determining a channel estimate by comparing the 
received D-STBC coded mapped coded signalling message symbols 
with the re-encoded D-STBC coded MPSK mapped coded signalling 

2 5 message symbols. 

29. A method according to claim 2 8 wherein a channel 
estimate is determined for each location (in time , frequency) in 
the OFDM signal containing D-STBC coded MPSK mapped coded 
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signalling message symbols, the method further comprising 
interpolating to get a channel estimate for remaining each 
location (in time, frequency) in the OFDM signal. 

30. A method according to claim 2 9 further comprising: 

5 receiving pilot symbols which are not D-STBC encoded 

which are used as a reference for a first D-STBC block of D- 
STBC coded MPSK mapped coded signalling message symbols. 

31. A method according to claim 2 8 further comprising: 

extracting the signalling message. 

10 32. An OFDM receiver adapted to implement the method of 

claim 28 . 

33. An article of manufacture comprising a computer- 

readable storage medium, the computer-readable storage medium 
including instructions for implementing the method of claim 1. 

15 34. An article of manufacture comprising a computer- 

readable storage medium, the computer- readable storage medium 
including instructions for implementing the method of claim 18. 

35. An article of manufacture comprising a computer- 
readable storage medium, the computer- readable storage medium 

20 including instructions for implementing the method of claim 28. 

36. A method of generating pilot symbols from an 
Orthogonal Frequency Division Multiplexing (OFDM) frame 
received at an OFDM receiver, the OFDM frame containing an 
encoded fast signalling message in the form of encoded symbols 

2 5 within the OFDM frame, the method comprising the steps of: 

processing the encoded symbols based in a scattered 
pilot pattern to recover the encoded fast signalling message; 
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re-encoding the fast signalling message so as to 
generate pilot symbols in the scattered pattern; 

recovering a channel response for the encoded symbols 
using decision feedback. 

5 37. The method of claim 3 6 comprising the further step of 

applying a fast algorithm to compute a Discrete Fourier 
Transform based on the scattered pattern to extract the 
combined pilot symbols and fast signalling message and only 
preceding to recover channel response if the fast signalling 
10 message indicates a current transmission contains content for 
the OFDM receiver. 

38. The method of claim 35 wherein processing the encoded 
symbols comprises: 

differentially decoding the encoded symbols using 
15 Differential Space-Time Block Coding (D-STBC) decoding to 
recover the encoded fast signalling message; 

applying Forward Error Correction decoding to the 
encoded fast signalling message to recover a fast signalling 
message ; 

2 0 analyzing the fast signalling message to determine 

whether it includes a desired user identification; 

if the fast signalling message includes the desired 
user identification, re-encoding the fast signalling message 
using Forward Error Correction coding to generate the encoded 
25 fast signalling message, and re-encoding the encoded fast 
signalling message using D-STBC. 

39. A transmitter adapted to combine pilot and 
transmission parameter signalling on a single overhead channel 
within an OFDM signal . 
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40. A transmitter according to claim 39 wherein a set of 
transmission parameter signalling symbols are transmitted on 
the overhead channel with strong encoding such that at a 
receiver, they can be decoded accurately, re-encoded, and the 

5 re-encoded symbols treated as known pilot symbols which can 
then be used for channel estimation. 

41. A receiver adapted to process the combined single 
overhead channel produced by the transmitter of claim 40, the 
receiver being adapted to: 

10 decode a received signal containing the encoded 

transmission parameter signalling symbols as modified by a 
channel, re -encode the decoded symbols to produce known pilot 
symbols, compare received symbols with the known pilot symbols 
to produce a channel estimate. 



15 
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having frequencies different from one 
another by using the output of the spreading 
modulator (1). An adder (3) combines the 
subcarriers modulated. A guard section 
control unit (23) determines the length 
of a guard section in accordance with the 
maximum transmission delay difference of 
a line between a transmission device and a 
reception device. A guard section inserter 
(21) is controlled by the guard section control 
unit (23) to insert the guard section into the 
signal series for every symbol period. A 
gain adjusUH* (22) multiplies the transmission 
signal by a gain coefficient corresponding to 
the guard section inserted. 
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NZ, PH, PL, Pi; RO, Rlf, SD, SE, SG f Si SK, SL, TJ, TM, 
TR, TT, TZ, UA, UG 9 US, UZ, VN, YU, ZA, ZW. 

(B4) li^H A.RIPO t*!*P (GH, GM, KE, LS, MW, 

MZ, SU SL, SZ ; TZ, UG S ZM, ZW), ZL—=? vT#l^ 
(AM, AZ 9 BY, KG 3 KZ, MD, RU, TJ ; TM), 3 — P V / <W 
(AT, BE, CH, CY, DE, DK, ES, FL FR, GB, GR, IE, IT, 
LU, MC ? NL, PT 5 SE, TR), OAPI 1$fF (BF, BJ, CF, CG, 
CI, CM, OA, GN, GQ, GW, ML, MR, NE, SN, TD, TG> 



(57) 

&«pi§ (i) ii, «**ai*ttfM-s. Mtt2&&fi» (2) 
& (2 3) wt, sHt&K t %mmw t <Dm<D®Bo%*&mmmmzm 

-K&B9cD&$£fc&-t-5 0 KKWWAS (2 1) 11, ^»lOHiffl.rri: 
K v KKfflfMfttt (2 3) ©Wi^oTt^Ml:^ KKRflfcfPA**- 
5 C (2 2) ri N *$A£*ifc#- KEfSi'*r^i-5f»J#^=S:^f 
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1 

5 mimf 

m&mtii&ftm&m • (ofdm-cdm) fcm%^ 
wz* ±/uy isvx fit fc »#ai*iifi v- y~ a ir. & ct 5 ®mm 

10 

OFDM : Orthogonal Frequency Division Multiplex) |5i&^iC:^ii|Jf] £ tlT 

^Cr LTv O F DMfc^StK: £*Lfc£, ffiit^-^ fO^Srfir 

20 fc*3 % O F DM^SllOtii, #!jx..('-±\ "Overview of Multicarrier CDMA" 
(Hara et aL, IEEE Communication Magazine, Dec. 1997, pp 128- 133), h 5 V» 
it, "WIDEBAND WIRELESS DIGITAL COMMUNICATIONS", A.F.Moiisch 
Prentice Hall PTE, 2001, ISBN:0-13-022333"6)infaic^^T'^5 o 

site, o f DMfcm^xT&K&^x&mtsnz&wvmmmvmf&m 
25 x&z> 0 rrxii, ^(ommmmt. m^-mmsnsxmmmiisj i^mit 
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Mi* ttj XhZ^(DftZ> 0 ff^-^iJSi *5j:tMf^yiJSj tt, 0ilx. 

5 ft 'M^y si (D^yyif^mm*, zfo^timmwm i ^ii5mi©A* 

3£ 1 li, A/j $tLfc^>^Mf fgSrff si K*fr LT^^fij 9 bfiX\^ 

zmm^ci zm^xmmu zv&mt Lx'&t>*izm\?y hommm^ 

io fcfc, wm^-a tt, rci(i)j ~ rci(m)j a>e>«j*$*i-c*5<K 

®.*%M*t%> 0 col, to 2, a)3,,.. <om<^«MBlAcoi:£, 

15 Aeo~2?tAf = 2 n/T 

*fc, i««f:i^2 rami? i a> e> m /j $ 5 &«c{f ^£ffl v >x 

rci(i)j d^^ix^^y^/vif^icj: ««a>m $r# 

-ofcgijjti^ii, rci(m)j ^^^tifcv^^lf^^cto^psnSo 
20 x s &mmmm±, Mwm 3 k £ d 

mmm a§§4 11 2 iz^-ti 5 wom*^ am 3 & b m 

f] &frZ>&mt *tCSt L/C, ^*@^t^* bftTV^S KEPhI (Guard 
Interval) ^#A"t"-S 0 CwT\ ;©jf-K^1it aBUfei^^/Ufv*;* K 
^5^#Sr«i--5f'J6^#A§^6 0 fc*J> Hi 2 Tit, Mlfti£« 
25 K^rfl^#A$*ifr.^ffi^ffi^rtT^6^, 
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littler i?9f3£©*5J9«[flr r^-+ 7 %ftLxmtn&n 

T>T1-1 lfciOSftSftfeflMH** S«I 2ir.,t ^^-X/^Kff^- 
15 6 0 fcV*T, tf-KKWH'JI&SSl 4ttu &§Mff ^^b^ft^*t#>- KKW 

n^:h : m tZ, t-C\ 1 5 i!iy f J § ft 5 #(S *&aiJHB 1 6 

&/B V**ObllJM*5 w^CJ:^ If S i #?f£ £ft5. 

20 ±im®.<Dmmmw& <t t>*sft ^fi^rm, ft s i in 2 ^*-r £ 

*»©BJJ«Sljft f 1- f m *m®LXBm&fiZ 0 rwt% f|-vl-«Si 
r±, r+u tfctt r-u o|fiSrWi"5v'V^t»$B^bfll^^tiTv^c bp 
m%-%m$ites ^yy^mmTX r+u $fcf* r-u Kmt-t&o & 

25 (Ci(l), Ci(2), . . . Cidn)) KJ; 19 W^MM^flX^ Q &ft, 0 2 inftl^C, 
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nsi'f -tlitt, ±3£ Lfc =fc 5 fc, KE»s#A $ ti 

*L£5 i1"^is KESRI Tgtt^ &mffifrbmt>*M<MfttzL$LW^^® 
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5 

frBM £ fife t # (DmJzfcMMMMX <9 t> ± t <i~5 5 0 

L*»U C (7) J; 5 LX 13- KKWoSfcfcfc-*-* t , g«£>3£ < left* 
ltl^»l (El 5 fiiMSl) K«#$H3Hr*-5*&fcf*. 
5 KKW* s &SI#±fcJK ft t> 2f- KKM0>«#G>*#tt, g 

M^iottl 5o Sit v- -XT •A£tt<p&£igg*©|£fcfc* 

10 

mum* 

m&m$i&ftmg>m ° m-^tim (ofdm-cdm) mm%$;% 
se^it % &&m-t z> mm > * r a tfcot , ±?di§if « is 

■i#a«:*u ±m$-mm<D%$&, ±mmmm t ±m%mmm torn 
jtmmtBisxr-Mz&^xix mimmt%mmmk<DM<Dmimm&m'3 
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»« ^£ shs -r ^ ^cr) «mzi «r«#t a m^nn^a & £ 6 s £ 5 k 

LT t> i V \ r. £<fcft ii> If #3R *J & ilfS-T 5 « & ft- ,Jn 

*>oT, ±is^t SKit, is i ©smsii-fsiit' i ®flr**a*£tfti 

1 <7)S:ff 1*H figfc SffiKAgfl^fiHSig-T 5i2 <Dm$r%m&&n § flit 

tftfjfcJR 2 KKIS:iAt5^A¥ti, ±120 1 <DJf- KOT£I$2 
KKIHtfs*ft^ft#A£*ifc§£ifffi ^fci£ff-*-£i£{i^&£*ru ±12 
fg 1 ©SfSMli* -hlBff l - E III i (ij i'i y &fc &3 t U M&m £ tri ^ 1 © 



20 it0^s4t5iifn^^L, .tiais i vis- v*um<D&z\^ .htm 
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xh& 0 

5 HI 3 ft, O F DMf^ii/^f A ^Jj^tfffl $fi5i#0f 

m 4 ft, -r/^^^. %mm-?%mx°h%o 

m s ft, igjgco^ii^^Jixs-t- '6 mmm &v<i~mxhz> 0 

m 6 ft, *n^^*»s^«»^«^si-efc6 0 

ill 8 JoctOT 9 ft, M1©0 F DMfS3ii/^x Aft*3ft Sfsisif 

H i o ft, Kixfflftov^MP^-rsfc^^s-efe^c 

a 1 1 ft, »««l£ft £ 5 ^fr^nsSi^- y ^l£MBJH-&0T* 
15 $>5 a 

eii 2 ft, h-mm*nA-r%® ! m*nwi~z>mxhz> 0 

mi 3ft, KiS^^#Ar5M^«-r5«^©»fy--efc6o 

ei i4ft, %®m*(b#- m.m^nmrr^mm^mmi-^mm(Dmmmx 

20 in i s ft, $ i (Dmmm<om\wmw^m^mxh^> < > 
m i eft, n ©uttflosHi »ii©*toftB"c*><5. 
hi? ft, i (DmMmomit ^tai: is ft z>mmit%-%m&$) ic&irm 

X ffe S o 

mi aft, 2 ommm<Dm<mw<Dmi&mxh% 0 

25 HI 1 9 ft, $ 2 O||*W0£«3«©*J8B-C*>«. 
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si 2 o si, if 2 ommm^mm x/xtm^vz Bmim^m^m^-rm 

Xh%> a 

m 2 2 ii $ s <Dmmw<D$:®mwtcDMb$fflx*hz> 0 

5 02 3 II 11! 2 2 ^/f<tSM^ffi^^---fij®«0-e;fc5 o 

02 5{±, a^w«iiK^^#mt-5«f'!-efe5 0 

128 fl H 4 tD^»J©«^il©#,B|0^fc5 o 

12 7(1 m 4 WHWIWSmS«Ofll^0T*fc5o 

10 02 8 11 02 7 «©«j^0T«fc5 o 

029 II H 5 (T^W.|O^ft^gO*^0T»fc5o 

m 3 1 ii a 3 o \z7F-t?4 $ >?$Lmi®<D~m<DMmmxh6 0 
m 3 2 n n e cQ^^jo^t^ttco*j^0ie*>6 o 
is in 3 3 fl m 6 ©«»sm««$iii^fc § 0 

0 3 4 fi 033 iDFt^-i' ^ >?&m$(o~m<omMmxhz> 0 

m 3 5 SI H 7 W H-fifij © Sit ilft Wfiti* [I] T h 5 0 
0 3 6 SI gg 7 ©S^«©${t»«<0*jfcBI'T?*> 5 0 
03 711 03 6 f£*t ttUcom ft%7F<f 7 p V T'hh 0 

20 03 8 fi m 8 ©nitw©3Hi sa^flWcHT?* 5 0 

0 3 9 fl & 8 ©£Jfe0U©£flt 3gft©*J*Ht'*>5. 

II 4 0 fl 0 3 9 \Zmi'&M&l£1$<DW)ft&7F'f7 P — - r T**> 6 0 

25 *mm<DmMMniz^xmffi*mmuj:&bm,wir% 0 kt-ch ±/^y 
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mmi/xT-Mz%>^T&$tmm®%®&m - ^tit (ofdm-cdm) & 
mm t <o m o:mv&«nt fetop dm— c d umm £ n s t> © t 1- 5 0 

10 r.©iijf|ggli, iiif^^tlt-t^^jff^, &ftXM« (SMOD : Spread 
Modulator) 1 v (FMOD : Frequency Modulator) 2, flpg 

Is (SUM) 3, KlXf^ff A£§ (GINS : Guard Interval Insert Unit) 

2i % $mm&& co 22^5, gij»«p 

S52 . »|g3 ^ov^Tfix II 1 £#if r-^mp/j LtLb<D*&%~r% n £ 

Smfcfy hCD^tltm-^Srlli^-tSo &mn*lrCi it. rci(l)j ~ rci(m)j 

20 ^?ji^§Ht*5 1) , il^tJiJ© 1 ! 3 ^ 1 o©K*"C*)5 fc^-fa, 

MJft&ttgMS 2 fi, £l 5 A J1S co 1- com &*So fcm^CDiJS$j£ 
K^^i"5 0 r..r,-c\ col, o)2, co3,... com 4>ft£l$$fclHR|A colt, v-^^ 

Ao)~27tA f — 2 7C./T 
25 giJJ$3§&»§§2{*, »«tIl^bW^$tiS-raff-^CfffiVNT 
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mt, rcidxs tmw $ ixfc v- v^/vif * 0 saw § *v %m®.m<om %n 
-yk.mm.mm-t, rci(m)j tm^nft^^/^nKx o i?»ti§c 

Clfct LT, iS— KKflfl (Guard Interval) Sr#Ai"5 0 m:% Z\<D0— 

KMOji^il, KIKMiiplft (GIN SCNT : Guard Interval 

Control Unit) 2 3 tC <fc *3 , «#^J i l-^ST $ *l 6 D 

H5o muuwtait, m^mmz kKWA&n&tf- kerb 

20 ©iim^Bi-lW]#{r., »fl (ADD) 5fc* DaiJMftS. 7 cLT, A0*g| 

soffit ii« (tx) eizx^m^mm^mn-^mm^h-ftm, r>- 
roj;?^ mmmmcomimmx^x mm-r^m^m (su sj) rt 

25 A$H6 0 *fc, i§{fT'<tff#« (Si, Sj) rT£{^ »A3*W5:#-- KK 
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m <d& £ \c mm l x mmm^mm t. it anx &wm ztiz, 
m 7 \± % *mm<DnnMn<z>%:mmw:v>M}$.mx*h 5 0 r. r -era, r ©att 

T :/r l HU 0 :t it $ > S« ( R X ) i 2 \z. t D x 

y K ffi # S rx iz.mm ^ntcm, m mmmmm (FDEM : Frequency 
Demodulator) 1 V mB <D WW K « $ ft S 0 - - T\ 

10 M3£l3&, m fig w 7v. f) i& =f *- ti *. T *K ^iaboA^S-T-K'fi, R 

tfts^tia^ »»i§$ i Km*mm-f * 0 s'j««« 

15 if- YtmWmWr 3 1 ft, KM«« (GCN Ti : Guard Interval 

Control Unit) 3 2^b©i*i:toT> ^\m%n^b^MM- KKM 

^^r^-rSc, Ksra*raiB 3 2 ^{fsa^fc^Tft-^^ijsiic 

§§3 ii:ijat5, LWot, ^f~KMfii«3 lit. mimwxWA* 
20 txfc #~ KEFH SrjgljO 5 r. # "C t 5 0 

t m x *) . m^-^j si tm£*th% 0 
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-?hz> 0 rr.T\ msn, m^Bmmmmo^ $ v ^m^&^mm mm 

.10 ^^^©^tV^tt^V^Stba^-fs ^Sr^f-r^*^}!, IS! 9 K^cf 
KOTOS $ &£<g«K~.flr-*a*fci£$ *xfc > it ©jft;M£ 

m^-co^ftm/jft rp2j i^»$ti5o ::t% m^P2ri, «^jpi £*)i> 

25 fcjf#o»^m^i'*$H-cv^6o nwtaix ^mm^mm^ 
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%■ m&) ©«7&&*u-cv><&. ^jo\ mi o Tit, io©sji§«©*aMa 
mi oK%>^x^ mmri&Mn, £«*s x ummm^ti^nmm Lit* 

tsrH^s, L,a>u s^tf/HMW* r+u r- n migjkL/c 
fcav^ii r— i j r+u KiHtb ^o^tf/M***- 

io hs ~<?m&, mm\ mmT2 t(om<ommx^ mmmmmmkcom 
is 5 ^ t , t i <t mm t 2 > o w <^t st t t&^t k x 5 ihbe $ 

25 &cD£~f5 0 
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m 1 1 ft, wmmmmmm 2 1 «t 9 n tr $ n 5 ^7 - y *.mm%mmi~ 5 0 

KKIHS: rTgj N ^y^HI^>©ilfiitP]^ rxs (=T-Tg)j ft*. 

wmm^mmm 2 ±a ut £ -5 wmm® 1 a> e> ^is m« 

5 oifp?AA$ti5o #ii$Rft, ^ti^tim-f 6 ««*©SJift2iafc 

10 mwy-fMi, m^mmTsftiz&MistiZo 

m 1 2 ft, Kisra^#Ai--5M^Mwit-5ii'-e*)§ 0 mmnA 

IRJ T g fctt 3-*- a ffl*tf>1J- y-f^fm^t\% vmm t s o:*:m/-^W=LU U ^ftb 

15 y y?®?ffl^m% u niH^y^ r 1 j — r m j © 5 *>a>e>, r m - 2 j 

^tf/HSfflT (=Tg+Ts) ©B#FBW±CO{f-^?IJ/Wj$ 

$ft5 0 



20 LtzXoK, wmm^mmm2n., my- v ^m^mcx^xmm^tis *s* 
ts^mmzt^ mm$km±(Dmm<Dit%*mmm±<nmm<Df-yy c ^ u i~ 

*SV>-C, r t m-2 j r tm-lj ft raj frNg#}£tt3t|i| LTtt};4 -tfti'&K ft 
WlTs ^SoVv T r t lj ~ rtmj ^!«l:i^lTtti^Lt^<c rft 
25 Sr. J; t) , KKWtfftA $ ftfds-^3Wf$c 
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jvcom ms^iia^) « $ti5o mm t g \ mwra 

(T=Tg+Ts) zmit-tx ok, ^y^/momm Lmmt>m%.zn% 0 

5 -M^to zzxit, ^y^n4MM = T, #— KEfKTg= 0. 2T, iW 
B#|H]Ts=0. 8 T, Ii|it«(D#amm- 1 0 0 0Tfc5t©i:t5„ 

£\ kk»ai§2 i \ax yy^Mmr:tK, mmm±<v 1 o o om 

A- ( t 1~ t 1000) frAfiZfrZo -ttT, *-r\ 2 5 0 (-1000 
XO. 2-4-0. 8) ii©f->-"/7V ( t 751- t 1000) £rii#-i±S L-"CtH^3i"5 0 $c 

io v v r, ±12 1 o o o|i^)f-^7^ (ti~t looo) fctt^ffl tTi±i^i-6 0 
t"S\ f - y -//t-#: Ik m \, m m n N fT/i2soj x*h& 0 #--Kra 
Tg= o . it, it wr^Ts- o . 9 t\ wmm^co^mmm^ 1 ooo -e& 

5 > , K[x Hfltf At? 2 1 tt N tt\ ill (= 1000X0. 

1 -rO. 9 ) B<D-f yf)V ( t 890- t 1000) ^ifd^m L-xmt) u ^-ti«:v^x\ 

is ±ie i o o oim-^yy^ ( 1 1- 1 iooo) %m%*m Lxmirtz, r©M, 

y-y7/'sm<D&M LfflMtt, tt/i i i i j -efc$„ 

H'CV^^, ITffi^M, S!jK^r;> KLS^^^At 5 n i: feWC 

%mj&oymnmx$>z> a zzx*it, mi ihsii s^t^oizLxmt&n 

ftitWn (tm-2, tm-1, tia ( tl, t2, 1 3, . . . tm) #3Hte**t3t><0 

25 ri— ^t-Hfr^ttSo 
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#~ F^ll^3 l *4 y<?4 i teXTfiyy h ui?xfi 4 2 &r$tx-3o 
LT, ff^-^^lJ (tm-2, tm-1, tm, 1 1, t2, t3,... tin) SrSHti" 

*>f s>^4 i«Ji:oN/OFFWt5:>:tJ;^ #-KKWfc 
@att$tlTV^60f^©f-^y/Ht (rr.Xfli, tm-2, tm-1, tm) 
5 L„ iI©mlOf ^r/zHi ( 1 1~ t m) h 1/^^ 4 2 ^3§5 0 r. 

Z.(DX?\z, Wl©t;i/7i«^^fAtlt iiifiiK (111) 

«iia (Willi) ^ii-^a-r sis, ztibnmvmx&mmmmzX'* 

m i ©£JfiW : 

0 1 5*5 XX$m 1 6 I*, % l O|l»JO3iff^fi*3j:0S:ffMS©«^glT' 
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fs?#m £ titcm&om & 1 o^o f dm- c dm^= * h (mrmn^ 

5 &mtM (TDM) 5 1 ft £ t) #fijb $ n 5 o - - X ft, - H b (DiBtt&l ft, 

UT> r. 0><fHHR?y ft, ft«« i jo ;r, L«t««t§ 2 ft «fc 0 £p $ ft 

if-KKi#AH2 1ft, A^£ftSte^*«ft*tbT, xt/£«AA« 
10 «Sft 13 fe/Svft/- KW^#'Aft5o ::t\ #{f t^^jft-MftS.^- K 

teftft, 121 1 7 ft^-T#tCft. {f^^iJSil ^A^$tift^5>t«i, 
/ummzt ft#-~ KEEfliTgi flsJfA£ft, If ^rtnmm W>fi& rp ij tr.&5 «fc 5 

^yy^/umm^t ft#~- KOTT g 2 tmx&ti, rm^mimts^ rp2j ft& 

5 cfc 5 ftfU##fC a i(t)^»P £ ft 5 o 

* it> ..biicr)^ 5 ft lt« AtLftft^-ft, mom<D®f$rt&f&£}iizm, 

T yft 7 IrfT LTi£fI $ ft5 c 
20 gflH£lI©*#tofcl&f£tt> m 7 bra tfcS >9 T*fc5 0 fcfc 

*3J;0ff-^^JSi2 aW^m^ftfcff^&m^^iJSii ^SitSi-^i: 
ft, ^KEW»32lt fi-^^JSil ^ILtv^DilSi:, KE 
ffl Tgl ZW\m-% X 5 ft^f- 3 1 ft£f UT}|/1t^x.5 5 * LT, 

25 #— KKffifi!ll&$8 3 1 ft\ ^<Dig^ftfcTjfW^JSil ^->y/ft/kfilfti: 
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- k m m n m m$nz> &m ft fc v \ 

l 5 {1, KOTTgi dsfiij»$ixfcflr fffiTsi Co 

5 ^T«$c8nP3£fT5 0 -ttt, (DML) 5 211 «H$Hfdf^ 

1 0©0 F DM- C DMa^ -y h (&ffcgll$ 1 , S*J!f»«f§ 2 N 

mum 3 \ v KWffASS 2 d t> ttfi-e^ s c 

10 S?2 ©H«l! : 

^jsii fcj:'c>ti^^jsi2 it., m*m^ *ti^n#fci-z&®m\zmm£ti 

fi§tifc»tf«Bi & it/it ^m^JSil FDM-CDM&flJffl UTS 

mm \m®Kfcm&n%£o%tf~mmtm%:z}i, to, 
25 m 1 e few Ltz^iwmm t m cx*h% 0 
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15- KEM A^2 1 it, g2 0}OTt±5lw, #~ K 

y^ji^r^ tc^f- KKfflTgl &#A U it^mi Sil $ JiWSffl 

TO, S/^/m»rt KEW Tg2 £r#A1"3c cic:T\ »ftlBi 
5 fc*fLT#A$ft3;tf- KKMTgl it, V— t^^y 7rtfc*5l*T£C3*ife 

"C, IM^&fliMS i-MS 3^«MIS^S-llf 51, 

Tgl cog- £ it. ^ol|-;A'6^«!l £ D trJK 4^3 J: 5 fcK£3;h,So 
10 ff^RlSil K#LT#A$;KM- KOTTg2 it, *tiS-t5*ftig|t^Oia 

$ mmmfrhmmM s 1 ^ommom-kBmmmmx i>n < & 5 «t 5 

15 * fe> f!J#f@«E$g 2 2ii, if- K OTtfAil 2 1 kT. ct D #A $ life #*- K K 

\t, mnmwtaiit)^ mmm Bi ^e&i-s tzfrQm%r<Dm*%t}& rpu 
& <? , m^-^^j sii zfcmi- 5 ?t * oft # r p 2j k & 5 j: 5 1- 

20 -T5 r. t k x v) , fg&rttfRBi trxjc y r n oyt^x^mmm iz&m & 

m&tizmm x&mm^m <d miwmj xm\t $hs 0 

is- KMTgi &jt*u imzwsii *%®Lx\^mmi*tf>- KEi»Tg2 
25 %m?f<i-z> a * lt s #- vwMPmw; 3 1 if- \mmmmn 3 2 3* e> 0 
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(57) Abstract: Techniques for processing a data transmission at a transmitter and receiver, which use channel eigen-decomposition, 
channel inversion, and (optionally) "water-pouring". At the transmitter, (1) channel eigen-decomposition is performed to determine 
eigenmodes of a MIMO channel and to derive a first set of steering vectors, (2) channel inversion is performed to derive weights 
(e.g., one set for each eigenmode) used to minimize ISI distortion, and (3) water-pouring may be performed to derive scaling values 
indicative of the transmit powers allocated to the eigenmodes. The first set of steering vectors, weights, and scaling values are used 
to derive a pulse-shaping matrix, which is used to precondition modulation symbols prior to transmission. At the receiver, channel 
eigen-decomposition is performed to derive a second set of steering vectors, which are used to derive a pulse-shaping matrix used to 
condition received symbols such that orthogonal symbol streams are recovered. 
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SIGNAL PROCESSING WITH CHANNEL EIGENMODE 
DECOMPOSITION AND CHANNEL INVERSION FOR MIMO 

SYSTEMS 

BACKGROUND 

Field 

[1001] The present invention relates generally to data communication, and more 
specifically to techniques for performing signal processing with channel eigenmode 
decomposition and channel inversion for multiple-input multiple-output (MIMO) 
communication systems. 

Background 

[1002] A multiple-input multiple-output (MIMO) communication system employs 
multiple (N T ) transmit antennas and multiple (N R ) receive antennas for data 
transmission. A MIMO channel formed by the N T transmit and N R receive antennas 
may be decomposed into N s independent channels, with N s < min {N T ,N R }. Each of 
the Ns independent channels is also referred to as a spatial subchannel of the MIMO 
channel and corresponds to a dimension. The MIMO system can provide improved 
performance (e.g., increased transmission capacity) if the additional dimensionalities 
created by the multiple transmit and receive antennas are utilized. 
[1003] The spatial subchannels of a wideband MIMO system may encounter 
different channel conditions due to various factors such as fading and multipath. Each 
spatial subchannel may thus experience frequency selective fading, which is 
characterized by different channel gains at different frequencies (i.e., different 
frequency bins or subbands) of the overall system bandwidth. With frequency selective 
fading, each spatial subchannel may achieve different signal-to-noise-and-interference 
ratios (SNRs) for different frequency bins. Consequently, the number of information 
bits per modulation symbol (or data rate) that may be transmitted at different frequency 
bins of each spatial subchannel for a particular level of performance (e.g., 1% packet 
error rate) may be different from bin to bin. Moreover, because the channel conditions 
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typically vary with time, the supported data rates for the bins of the spatial subchannels 
also vary with time. 

[1004] To combat frequency selective fading in a wideband channel, orthogonal 
frequency division multiplexing (OFDM) may be used to effectively partition the 
system bandwidth into a number of (N F ) subbands (which may also be referred to as 
frequency bins or subchannels). With OFDM, each frequency subchannel is associated 
with a respective subcarrier upon which data may be modulated. For a MIMO system 
that utilizes OFDM (i.e., a MIMO-OFDM system), each frequency subchannel of each 
spatial subchannel may be viewed as an independent transmission channel. 
[1005] A key challenge in a coded communication system is the selection of the 
appropriate data rates and coding and modulation schemes to be used for a data 
transmission based on channel conditions. The goal of this selection process is to 
maximize throughput while meeting quality objectives, which may be quantified by a 
particular packet error rate (PER), certain latency criteria, and so on. 
[1006] One straightforward technique for selecting data rates and coding and 
modulation schemes is to "bit load" each transmission channel in the MIMO-OFDM 
system according to its transmission capability, which may be quantified by the 
channel's short-term average SNR. However, this technique has several major 
drawbacks. First, coding and modulating individually for each transmission channel 
can significantly increase the complexity of the processing at both the transmitter and 
receiver. Second, coding individually for each transmission channel may greatly 
increase coding and decoding delay. And third, a high feedback rate would be needed 
to send channel state information (CSI) indicative of the channel conditions (e.g., the 
gain, phase, and SNR) of each transmission channel. 

[1007] For a MIMO system, transmit power is another parameter that may be 
manipulated to maximize throughput. In general, the overall throughput of the MIMO 
system may be increased my allocating more transmit power to transmission channels 
with greater transmission capabilities. However, allocating different amounts of 
transmit power to different frequency bins of a given spatial subchannel tends to 
exaggerate the frequency selective nature of the spatial subchannel. It is well known 
that frequency selective fading causes inter-symbol interference (ISI), which is a 
phenomenon whereby each symbol in a received signal acts as distortion to subsequent 
symbols in the received signal. The ISI distortion degrades performance by impacting 
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the ability to correctly detect the received symbols. To mitigate the deleterious effects 
of ISI, equalization of the received symbols would need to be performed at the receiver. 
Thus, a major drawback in frequency-domain power allocation is the additional 
complexity at the receiver to combat the resultant additional ISI distortion. 
[1008] There is therefore a need in the art for techniques to achieve high overall 
throughput in a MIMO system without having to individually code each transmission 
channel and which mitigate the deleterious effects of ISI. 

SUMMARY 

[1009] Techniques are provided herein for processing a data transmission at a 
transmitter and a receiver of a MIMO system such that high performance (e.g., high 
overall throughput) is achieved. In an aspect, a time-domain implementation is 
provided which uses frequency-domain channel eigen-decomposition, channel 
inversion, and (optionally) "water-pouring" results to derive pulse-shaping and beam- 
steering solutions for the transmitter and receiver. 

[1010] Channel eigen-decomposition is performed at the transmitter to determine 
the eigenmodes (i.e., the spatial subchannels) of a MIMO channel and to obtain a first 
set of steering vectors, which are used to precondition modulation symbols prior to 
transmission over the MIMO channel. Channel eigen-decomposition may be performed 
based on an estimated channel response matrix, which is an estimate of the (time- 
domain or frequency-domain) channel response of the MIMO channel. Channel eigen- 
decomposition is also performed at the receiver to obtain a second set of steering 
vectors, which are used to condition received symbols such that orthogonal symbol 
streams are recovered at the receiver. _ 
[1011] Channel inversion is performed at the transmitter to derive weights, which 
are used to minimize or reduce the amount of ISI distortion at the receiver. In 
particular, the channel inversion may be performed for each eigenmode used for data 
transmission. One set of weights may be derived for each eigenmode based on the 
estimated channel response matrix for the MEMO channel and is used to invert the 
frequency response of the eigenmode. 

[1012] Water-pouring analysis may (optionally) be used to more optimally allocate 
the total available transmit power to the eigenmodes of the MIMO channel. In 
particular, eigenmodes with greater transmission capabilities may be allocated more 
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transmit power, and eigenmodes with transmission capabilities below a particular 
threshold may be omitted from use (e.g., by allocating these bad eigenmodes with zero 
transmit power). The transmit power allocated to each eigenmode then determines the 
data rate and possibly the coding and modulation scheme to be used for the eigenmode. 
[1013] At the transmitter, data is initially processed (e.g., coded and modulated) in 
accordance with a particular processing scheme to provide a number of modulation 
symbol streams (e.g., one modulation symbol stream for each eigenmode). An 
estimated channel response matrix for the MIMO channel is obtained (e.g., from the 
receiver) and decomposed (e.g., in the frequency domain, using channel eigen- 
decomposition) to obtain a set of matrices of right eigen-vectors and a set of matrices of 
singular values. A number of sets of weights are then derived based on the matrices of 
singular values, with each set of weights being used to invert the frequency response of 
a respective eigenmode used for data transmission. Water-pouring analysis may also be 
performed based on the matrices of singular values to obtain a set of scaling values 
indicative of the transmit powers allocated to the eigenmodes. A pulse-shaping matrix 
for the transmitter is then derived based on the matrices of right eigen-vectors, the 
weights, and the scaling values (if available). The pulse-shaping matrix comprises 
steering vectors, which are used to precondition the streams of modulation symbols to 
obtain streams of preconditioned symbols to be transmitted over the MIMO channel. 
[1014] At the receiver, the estimated channel response matrix is also obtained (e.g., 
based on pilot symbols sent from the transmitter) and decomposed to obtain a set of 
matrices of left eigen-vectors. A pulse-shaping matrix for the receiver is then derived 
based on the matrices of left eigen-vectors and used to condition a number of received 
symbol streams to obtain a number of recovered symbol streams. The recovered 
symbols are further processed (e.g., demodulated and decoded) to recover the 
transmitted data. 

[1015] Various aspects and embodiments of the invention are described in further 
detail below. The invention further provides methods, digital signal processors, 
transmitter and receiver units, and other apparatuses and elements that implement 
various aspects, embodiments, and features of the invention, as described in further 
detail below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[1016] The features, nature, and advantages of the present invention will become 
more apparent from the detailed description set forth below when taken in conjunction 
with the drawings in which like reference characters identify correspondingly 
throughout and wherein: 

[1017] FIG. 1 is a block diagram of an embodiment of a transmitter system and a 
receiver system in a MIMO system; 

[1018] FIG. 2 is a block diagram of a transmitter unit within the transmitter system; 
[1019] FIGS. 3A and 3B are diagrams that graphically illustrate the derivation of 
the weights used to invert the frequency response of each eigenmode of a MIMO 
channel; 

[1020] FIG. 4 is a flow diagram of a process for allocating the total available 
transmit power to the eigenmodes of the MIMO channel; 

[1021] FIGS. 5 A and 5B are diagrams that graphically illustrate the allocation of the 
total transmit power to three eigenmodes in an example MIMO system; 
[1022] FIG. 6 is a flow diagram of an embodiment of the signal processing at the 
transmitter unit; 

[1023] FIG. 7 is a block diagram of a receiver unit within the receiver system; and 
[1024] FIG. 8 is a flow diagram of an embodiment of the signal processing at the 
receiver unit. 

DETAILED DESCRIPTION 
[1025] The techniques described herein for processing a data transmission at a 
transmitter and receiver may be used for various wireless communication systems. For 
clarity, various aspects and embodiments of the invention are described specifically for 
a multiple-input multiple-output (MIMO) communication system. 
[1026] A MIMO system employs multiple (N T ) transmit antennas and multiple (N R ) 
receive antennas for data transmission. A MIMO channel formed by the N T transmit 
and Nr receive antennas may be decomposed into Ns independent channels, with 
N s < min { N T> N R } . Each of the N s independent channels is also referred to as a spatial 

subchannel of the MIMO channel. The number of spatial subchannels is determined by 
the number of eigenmodes for the MIMO channel, which in turn is dependent on a 
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channel response matrix that describes the response between the N T transmit and N R 
receive antennas. 

[1027] FIG. 1 is a block diagram of an embodiment of a transmitter system 110 and 
a receiver system 150, which are capable of implementing various signal processing 
techniques described herein. 

[1028] At transmitter system 1 10, traffic data is provided from a data source 1 12 to 
a transmit (TX) data processor 114, which formats, codes, and interleaves the traffic 
data based on one or more coding schemes to provide coded data. The coded traffic 
data may then be multiplexed with pilot data using, for example, time division multiplex 
(TDM) or code division multiplex (CDM), in all or a subset of the data streams to be 
transmitted. The pilot data is typically a known data pattern processed in a known 
manner, if at all. The multiplexed pilot and coded traffic data is interleaved and then 
modulated (i.e., symbol mapped) based on one or more modulation schemes to provide 
modulation symbols. In an embodiment, TX data processor 114 provides one 
modulation symbol stream for each spatial subchannel used for data transmission. The 
data rate, coding, interleaving, and modulation for each modulation symbol stream may 
be determined by controls provided by a controller 130. 

[1029] The modulation symbols are then provided to a TX MIMO processor 120 
and further processed. In a specific embodiment, the processing by TX MIMO 
processor 120 includes (1) determining an estimated channel frequency response matrix 
for the MIMO channel, (2) decomposing this matrix to determine the eigenmodes of the 
MIMO channel and to derive a set of "steering" vectors for the transmitter, one vector 
for the modulation symbol stream to be transmitted on each spatial subchannel, (3) 
deriving a transmit spatio-temporal pulse-shaping matrix based on the steering vectors 
and a weighting matrix indicative of the transmit powers assigned to the frequency bins 
of the eigenmodes, and (4) preconditioning the modulation symbols with the pulse- 
shaping matrix to provide preconditioned modulation symbols. The processing by TX 
MIMO processor 120 is described in further detail below. Up to N T streams of 
preconditioned symbols are then provided to transmitters (TMTR) 122a through 122t. 
[1030] Each transmitter 122 converts a respective preconditioned symbol stream 
into one or more analog signals and further conditions (e.g., amplifies, filters, and 
frequency upconverts) the analog signals to generate a modulated signal suitable for 
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transmission over the MIMO channel. The modulated signal from each transmitter 122 
is then transmitted via a respective antenna 124 to the receiver system. 
[1031] At receiver system 150, the transmitted modulated signals are received by N R 
antennas 152a through 152r, and the received signal from each antenna 152 is provided 
to a respective receiver (RCVR) 154. Each receiver 154 conditions (e.g., filters, 
amplifies, and frequency downconverts) the received signal, digitizes the conditioned 
signal to provide a stream of samples, and further processes the sample stream to 
provide a stream of received symbols. An RX MIMO processor 160 then receives and 
processes the N R received symbol streams to provide Nt streams of recovered symbols, 
which are estimates of the modulation symbols transmitted from the transmitter system. 
In an embodiment, the processing by RX MIMO processor 160 may include (1) 
determining the estimated channel frequency response matrix for the MIMO channel, 
(2) decomposing this matrix to derive a set of steering vectors for the receiver, (3) 
deriving a receive spatio-temporal pulse-shaping matrix based on the steering vectors, 
and (4) conditioning the received symbols with the pulse-shaping matrix to provide the 
recovered symbols. The processing by RX MIMO processor 160 is described in further 
detail below. 

[1032] A receive (RX) data processor 162 then demodulates, deinterleaves, and 
decodes the recovered symbols to provide decoded data, which is an estimate of the 
transmitted traffic data. The processing by RX MIMO processor 160 and RX data 
processor 162 is complementary to that performed by TX MIMO processor 120 and TX 
data processor 114, respectively, at transmitter system 110. 

[1033] RX MIMO processor 160 may further derive channel impulse responses for 
the MIMO channel, received noise power and/or signal-to-noise-and-interference ratios 
(SNRs) for the spatial subchannels, and so on. RX MIMO processor 160 would then 
provide these quantities to a controller 170. RX data processor 162 may also provide 
the status of each received packet or frame, one or more other performance metrics 
indicative of the decoded results, and possibly other information. Controller 170 then 
derives channel state information (CSI), which may comprise all or some of the 
information received from RX MIMO processor 160 and RX data processor 162. The 
CSI is processed by a TX data processor 178, modulated by a modulator 180, 
conditioned by transmitters 154a through 154r, and sent back to transmitter system 110. 
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[1034] At transmitter system 110, the modulated signals from receiver system 150 
are received by antennas 124, conditioned by receivers 122, and demodulated by a 
demodulator 140 to recover the CSI transmitted by the receiver system. The CSI is then 
provided to controller 130 and used to generate various controls for TX data processor 
1 14 and TX MIMO processor 120. 

[1035] Controllers 130 and 170 direct the operation at the transmitter and receiver 
systems, respectively. Memories 132 and 172 provide storage for program codes and 
data used by controllers 130 and 170, respectively. 

[1036] Techniques are provided herein for achieving high performance (e.g., high 
overall system throughput) via a time-domain implementation that uses frequency- 
domain channel eigen-decomposition, channel inversion, and (optionally) water-pouring 
results to derive time-domain pulse-shaping and beam-steering solutions for the 
transmitter and receiver. 

[1037] Channel eigen-decomposition is performed at the transmitter to determine 
the eigenmodes of the MIMO channel and to derive a first set of steering vectors, which 
are used to precondition the modulation symbols. Channel eigen-decomposition is also 
performed at the receiver to derive a second set of steering vectors, which are used to 
condition the received symbols such that orthogonal symbol streams are recovered at 
the receiver. The preconditioning at the transmitter and the conditioning at the receiver 
orthogonalize the symbol streams transmitted over the MIMO channel. 
[1038] Channel inversion is performed at the transmitter to flatten the frequency 
response of each eigenmode (or spatial subchannel) used for data transmission. As 
noted above, frequency selective fading causes intersymbol interference (ISI), which 
can degrade performance by impacting the ability to correctly detect the received 
symbols at the receiver. Conventionally, the frequency selective fading may be 
compensated for at the receiver by performing equalization on the received symbol 
streams. However, equalization increases the complexity of the receiver processing. 
With the inventive techniques, the channel inversion is performed at the transmitter to 
account for the frequency selective fading and to mitigate the need for equalization at 
the receiver. 

[1039] Water-pouring (or water-filling) analysis is used to more optimally allocate 
the total available transmit power in the MIMO system to the eigenmodes such that high 
performance is achieved. The transmit power allocated to each eigenmode may then 
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determine the data rate and the coding and modulation scheme to be used for the 
eigenmode. 

[1040] These various processing techniques are described in further detail below. 
[1041] The techniques described herein provide several potential advantages. First, 
with time-domain eigenmode decomposition, the maximum number of eigenmodes with 
different SNRs is given by min (N T ,N R ). If one independent data stream is transmitted 
on each eigenmode and each data stream is independently processed, then the maximum 
number of different coding/modulation schemes is also given by min(AT r ,A^). It is 

also possible to make the received SNRs for the data streams essentially the same, 
thereby further simplifying the coding/modulation. The techniques described herein can 
thus greatly simplify the coding/modulation for a data transmission by avoiding the per- 
bin bit allocation required to approach channel capacity in MIMO-OFDM systems that 
utilize frequency-domain water-pouring. 

[1042] Second, the channel inversion at the transmitter results in recovered symbol 
streams at the receiver that do not require equalization. This then reduces the 
complexity of the receiver processing. In contrast, other wide-band time-domain 
techniques typically require complicated space-time equalization to recover the symbol 
streams. 

[1043] Third, the time-domain signaling techniques described herein can more 
easily integrate the channel/pilot structures of various CDMA standards, which are also 
based on time-domain signaling. Implementation of the channel/pilot structures may be 
more complicated in OFDM-based systems that perform frequency-domain signaling. 
[1044] FIG, 2 is a block diagram of an embodiment of a transmitter unit 200, which 
is capable of implementing various processing techniques described herein. Transmitter 
unit 200 is an embodiment of the transmitter portion of transmitter system 110 in FIG. 
1. Transmitter unit 200 includes (1) a TX data processor 114a that receives and 
processes traffic and pilot data to provide Nt modulation symbol streams and (2) a TX 
MIMO processor 120a that preconditions the modulation symbol streams to provide N T 
preconditioned symbol streams. TX data processor 1 14a and TX MIMO processor 120a 
are one embodiment of TX data processor 114 and TX MIMO processor 120, 
respectively, in FIG. 1. 
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[1045] In the specific embodiment shown in FIG. 2, TX data processor 114a 
includes an encoder 212, a channel interleaver 214, and a symbol mapping element 216. 
Encoder 212 receives and codes the traffic data (i.e., the information bits, d t ) in 

accordance with one or more coding schemes to provide coded bits. The coding 
increases the reliability of the data transmission. In an embodiment, a separate coding 
scheme may be used for the information bits for each eigenmode (or spatial subchannel) 
selected for use for data transmission. In alternative embodiments, a separate coding 
scheme may be used for each subset of spatial subchannels, or a common coding 
scheme may be used for all spatial subchannels. The coding scheme(s) to be used are 
determined by controls from controller 130 and may be selected based on the CSI 
received from the receiver system. Each selected coding scheme may include any 
combination of cyclic redundancy check (CRC), convolutional coding, Turbo coding, 
block coding, and other coding, or no coding at all. 

[1046] Channel interleaver 214 interleaves the coded bits based on one or more 
interleaving schemes. Typically, each selected coding scheme is associated with a 
corresponding interleaving scheme. The interleaving provides time diversity for the 
coded bits, permits the data to be transmitted based on an average SNR of each spatial 
subchannel used for the data transmission, combats fading, and further removes 
correlation between coded bits used to form each modulation symbol. 
[1047] Symbol mapping element 216 then receives and multiplexes pilot data with 
the interleaved data and further maps the multiplexed data in accordance with one or 
more modulation schemes to provide modulation symbols. A separate modulation 
scheme may be used for each spatial subchannel selected for use, or for each subset of 
spatial subchannels. Alternatively, a common modulation scheme may be used for all 
selected spatial subchannels. 

[1048] The symbol mapping for each spatial subchannel may be achieved by 
grouping sets of bits to form data symbols (each of which may be a non-binary value) 
and mapping each data symbol to a point in a signal constellation corresponding to the 
modulation scheme selected for use for that spatial subchannel. The selected 
modulation scheme may be QPSK, M-PSK, M-QAM, or some other scheme. Each 
mapped signal point is a complex value and corresponds to a modulation symbol. 
Symbol mapping element 216 provides a vector of modulation symbols for each symbol 
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period, with the number of modulation symbols in each vector corresponding to the 
number of spatial subchannels selected for use for that symbol period. Symbol mapping 
element 216 thus provides up to Nt modulation symbol streams. These streams 
collectively form a sequence of vectors, with are also referred to as the modulation 
symbol vectors, s(n) , with each such vector including up to N s modulation symbols to 
be transmitted on up to Ns spatial subchannels for the n-th symbol period. 
[1049] Within TX MIMO processor 120a, the response of the MIMO channel is 
estimated and used to precondition the modulation symbols prior to transmission to the 
receiver system. In a frequency division duplexed (FDD) system, the downlink and 
uplink are allocated different frequency bands, and the channel responses for the 
downlink and uplink may not be correlated to a sufficient degree. For the FDD system, 
the channel response may be estimated at the receiver and sent back to the transmitter. 
In a time division duplexed (TDD) system, the downlink and uplink share the same 
frequency band in a time division multiplexed manner, and a high degree of correlation 
may exist between the downlink and uplink channel responses. For the TDD system, 
the transmitter system may estimate the uplink channel response (e.g., based on the pilot 
transmitted by the receiver system on the uplink) and may then derive the downlink 
channel response by accounting for any differences such as those between the transmit 
and receive antenna array manifolds. 

[1050] In an embodiment, the channel response estimates are provided to TX 
MIMO processor 120a as a sequence of N R xN T matrices, A(n) , of time-domain 
samples. This sequence of matrices is collectively referred to as a channel impulse 
response matrix, A . The (i, j) -th element, h { - , of the estimated channel impulse 

response matrix, for i = (l, 2, ... 9 N R ) and j = (h 2, ... ,N r ), is a sequence of 

samples that represents the sampled impulse response of the propagation path from the 
;-th transmit antenna to the /-th receive antenna. 

[1051] Within TX MIMO processor 120a, a fast Fourier transformer 222 receives 
the estimated channel impulse response matrix, # (e.g., from the receiver system) and 

derives the corresponding estimated channel frequency response matrix, H, by 

performing a fast Fourier transform (FFT) on the matrix # (i.e., H = FFT [#] ). This 
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may be achieved by performing an Nf- point FFT on a sequence of Nf samples for each 
element of A to derive a set of N F coefficients for the corresponding element of H , 
where Nf corresponds to the number of frequency bins for the FFT (i.e., the length of 
the EFT). The N R • N T elements of H are thus • N T sets of coefficients representing 
the frequency responses of the propagation paths between the Nt transmit antennas and 
Nr receive antennas. Each element of H is the FFT of the corresponding element of 

A. The estimated channel frequency response matrix, H, may also be viewed as 

comprising a set of N F matrices, H(£) for k = (0, 1, ... , N F -1) . 

Channel Eigen-Decomposition 
[1052] A unit 224 then performs eigen-decomposition of the MIMO channel used 
for data transmission. In one embodiment for performing channel eigen-decomposition, 
unit 224 computes the singular value decomposition (SVD) of the estimated channel 

frequency response matrix, H. In an embodiment, the singular value decomposition is 
performed for each matrix H(fc), for k = (0, 1, ... 9 N F -1). The singular value 
decomposition of matrix H(fc) for frequency bin k (or frequency f k ) may be expressed 

as: 

ik(k) = V(k)A(k)\ H (k) , Eq(l) 

where \J(k) is an N R x N R unitary matrix (i.e., U ff U = I, where I is the identity 
matrix with ones along the diagonal and zeros everywhere else); 
A(k) is an N R xN T diagonal matrix of singular values of H(fc) ; and 
V(fc) is an N T xN T unitary matrix. 

The diagonal matrix A(&) contains non-negative real values along the diagonal (i.e., 
A(£) = diag (Aj (fc), A 2 (k), ... 9 A N (k))) and zeros elsewhere. The for 

* = (1, 2, ... ,N r ), are referred to as the singular values of the matrix H(fc). The 
singular value decomposition is a matrix operation known in the art and described in 
various references. One such reference is a book by Gilbert Strang entitled "Linear 
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Algebra and Its Applications," Second Edition, Academic Press, 1980, which is 
incorporated herein by reference. 

[1053] The result of the singular value decomposition is three sets of N F matrices, 
U, A, and V H , where U = [U(0) ... U(Jfc) ... V(N F - 1)] , and so on. For each value of 

it, V(k) is the N R xN R unitary matrix of left eigen-vectors of H(£), V(fc) is the 
N T xN T unitary matrix of right eigen-vectors of H(&), and A(k) is the N R xN T 
diagonal matrix of singular values of H(&) . 

[1054] In another embodiment for performing channel eigen-decomposition, unit 

/v hi 

224 first obtains a square matrix R(k) as R(k) = H (k)H(k) . The eigenvalues of the 
square matrix R(k) would then be the squares of the singular values of the matrix 
H(fc), and the eigen-vectors of R(k) would be the right eigen-vectors of H(fc), or 
V(Jfc). The decomposition of R(k) to obtain the eigenvalues and eigen-vectors is 

known in the art and not described herein. Similarly, another square matrix R (k) may 

be obtained as R (k) = H(fc)H (k) . The eigenvalues of this square matrix R (k) 
would also be the squares of the singular values of H(fc), and the eigen-vectors of 

R (k) would be the left eigen-vectors of H(fc) , or U(fc) . 

[1055] The channel eigen-decomposition is used to decompose the MIMO channel 
into its eigenmodes, at frequency f k , for each value of k where k = (0, 1, ... ,N F -l). 

The rank r(k) of H(fc) corresponds to the number of eigenmodes for the MIMO 
channel at frequency f k , which corresponds to the number of independent channels 
(i.e., the number of spatial subchannels) available in frequency bin k. 
[1056] As described in further detail below, the columns of V(fc) are the steering 
vectors associated with frequency f k to be used at the transmitter for the elements of 
the modulation symbol vectors, $(n) . Correspondingly, the columns of U(fc) are the 
steering vectors associated with frequency f k to be used at the receiver for the elements 
of the received symbol vectors, r(n). The matrices V(k) and V(fc), for 
k = (0, 1, ... , N F -1) , are used to orthogonalize the symbol streams transmitted on the 
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eigenmodes at each frequency f k . When these matrices are used to precondition the 

modulation symbol streams at the transmitter and to condition the received symbol 
streams at the receiver, either in the frequency domain or the time domain, the result is 
the overall orthogonalization of the symbol streams. This then allows for separate 
coding/modulation per eigenmode (as opposed to per bin), which can greatly simplify 
the processing at the transmitter and receiver. 

[1057] The elements along the diagonal of A(k) are /l„(£), for 

i = {l, 2, r(/:)}, where r(k) is the rank of H(fc) . The columns of V(k) and V(£), 
u.(ifc) and y.(/:), respectively, are solutions to the eigen equation, which may be 
expressed as: 

m)\ i (k) = A ii u i (k) . Eq(2) 

[1058] The three sets of matrices, U(£), A(&), and \(k) , for 
k = (0, 1, ... , N F — 1) , may be provided in two forms - a "sorted" form and a "random- 
ordered" form. In the sorted form, the diagonal elements of each matrix A(k) are 
sorted in decreasing order so that ^(k) > A 22 (k) > ... > A, rr (k) , and their eigen-vectors 
are arranged in corresponding order in V(k) and V(&) . The sorted form is indicated 
by the subscript s, i.e., V s (k), A $ (&), and V 5 (A:), for k = (0, 1, ... , N F —1) . 

[1059] In the random-ordered form, the ordering of the singular values and eigen- 
vectors may be random and further independent of frequency. The random form is 
indicated by the subscript r. The particular form selected for use, sorted or random- 
ordered, influences the selection of the eigenmodes for use for data transmission and the 
coding and modulation scheme to be used for each selected eigenmode. 
[1060] A weight computation unit 230 receives the set of diagonal matrices, A, 

which contains a set of singular values (i.e., ^(k), A 22 (k), ...,/l rr (/:)) for each 
frequency bin. Weight computation unit 230 then derives a set of weighting matrices, 
W, where W = [W(0) ... W(fc) ... W(N F -1)]. The weighting matrices are used to 

scale the modulation symbol vectors, s(n) , in either the time or frequency domain, as 
described below. 
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[1061] Weight computation unit 230 includes a channel inversion unit 232 and 
(optionally) a water-pouring analysis unit 234. Channel inversion unit 232 derives a set 
of weights, w .. , for each eigenmode, which is used to combat the frequency selective 
fading on the eigenmode. Water-pouring analysis unit 234 derives a set of scaling 
values, b, for the eigenmodes of the MIMO channel. These scaling values are 
indicative of the transmit powers allocated to the eigenmodes. Channel inversion and 
water-pouring are described in further detail below. 

Channel Inversion 

[1062] FIG. 3A is a diagram that graphically illustrates the derivation of the set of 
weights, w„., used to invert the frequency response of each eigenmode. The set of 

diagonal matrices, A(k) for k = (0, 1, ... , N F — 1) , is shown arranged in order along an 
axis 310 that represents the frequency dimension. The singular values, A u (k) for 
i = (1, 2, ... , N s ) , of each matrix A(k) are located along the diagonal of the matrix. 
Axis 312 may thus be viewed as representing the spatial dimension. Each eigenmode of 
the MIMO channel is associated with a set of elements, {A H (k)} for 

k = (0, 1, ... ,N F -1) , that is indicative of the frequency response of that eigenmode. 
The set of elements {/!„(/:)} for each eigenmode is shown by the shaded boxes along a 
dashed line 314. For each eigenmode that experiences frequency selective fading, the 
elements {A u (k)} for the eigenmode may be different for different values of k. 

[1063] Since frequency selective fading causes ISI, the deleterious effects of ISI 
may be mitigated by "inverting" each eigenmode such that it appears flat in frequency at 
the receiver. The channel inversion may be achieved by deriving a set of weights, 
{w u (k)} for k-(0, 1, ... y N F -1), for each eigenmode such that the product of the 

weights and the corresponding eigenvalues (i.e., the squares of the diagonal elements) 
are approximately constant for all values of fc, which may be expressed as 
w n (k)-%(k) = a n for * = (0, 1, ... ,tf F -l). 

[1064] For eigenmode /, the set of weights for the N F frequency bins, 
w fl = [w H (0) ... w u (k) ... w u (N F - l)] T , used to invert the channel may be derived as: 
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w u (k) = 



for k = (0, I 



., ... , 



N F -l), 



Eq(3) 



where a i is a normalization factor that may be expressed as: 




a,. = 



k=0 



Eq(4) 




As shown in equation (4), a normalization factor a t is determined for each eigenmode 
based on the set of eigenvalues (i.e., the squared singular values), {Al(k)} for 
k = (0, 1, ... , N F — 1) , associated with that eigenmode. The normalization factor a. is 



[1065] FIG. 3B is a diagram that graphically illustrates the relationship between the 
set of weights for a given eigenmode and the set of eigenvalues for that eigenmode. For 
eigenmode /, the weight w u (k) for each frequency bin is inversely related to the 

eigenvalue AjJ(fc) for that bin, as shown in equation (3). To flatten the spatial 

subchannel and minimize or reduce ISI, it is undesirable to selectively eliminate 
transmit power on any frequency bin. The set of N F weights for each eigenmode is used 
to scale the modulation symbols, s(n), in the frequency or time domain, prior to 
transmission on the eigenmode. 

[1066] For the sorted order form, the singular values A u (k) , for i = (1, 2, ... , N s ) , 
for each matrix A(k) are sorted such that the diagonal elements of A(k) with smaller 
indices are generally larger. Eigenmode 0 (which is often referred to as the principle 
eigenmode) would then be associated with the largest singular value in each of the Nf 
diagonal matrices, A(£), eigenmode 1 would then be associated with the second largest 
singular value in each of the N F diagonal matrices, and so on. Thus, even though the 
channel inversion is performed over all N F frequency bins for each eigenmode, the 
eigenmodes with lower indices are not likely to have too many bad bins (if any). Thus, 



defined such that V w u (k) 
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at least for eigenmodes with lower indices, excessive transmit power is not used for bad 
bins. 

[1067] The channel inversion may be performed in various manners to invert the 
MEMO channel, and this is within the scope of the invention. In one embodiment, the 
channel inversion is performed for each eigenmode selected for use. In another 
embodiment, the channel inversion may be performed for some eigenmodes but not 
others. For example, the channel inversion may be performed for each eigenmode 
determined to induce excessive LSI. The channel inversion may also be dynamically 
performed for some or all eigenmodes selected for use, for example, when the MIMO 
channel is determined to be frequency selective (e.g., based on some defined criteria). 
[1068] Channel inversion is described in further detail in U.S. Patent Application 
Serial No. 09/860,274, filed May 17, 2001, U.S. Patent Application Serial No. 
09/881,610, filed June 14, 2001, and U.S. Patent Application Serial No. 09/892,379, 
filed June 26, 2001, all three entitled "Method and Apparatus for Processing Data for 
Transmission in a Multi-Channel Communication System Using Selective Channel 
Inversion," assigned to the assignee of the present application and incorporated herein 
by reference. 

Water-Pouring 

[1069] In an embodiment, water-pouring analysis is performed (if at all) across the 
spatial dimension such that more transmit power is allocated to eigenmodes with better 
transmission capabilities. The water-pouring power allocation is analogous to pouring a 
fixed amount of water into a vessel with an irregular bottom, where each eigenmode 
corresponds to a point on the bottom of the vessel, and the elevation of the bottom at 
any given point corresponds to the inverse of the SNR associated with that eigenmode. 
A low elevation thus corresponds to a high SNR and, conversely, a high elevation 
corresponds to a low SNR. The total available transmit power, P tota u is then "poured" 
into the vessel such that the lower points in the vessel (i.e., those with higher SNRs) are 
filled first, and the higher points (i.e., those with lower SNRs) are filled later. A 
constant P set is indicative of the water surface level for the vessel after all of the total 
available transmit power has been poured. This constant may be estimated initially 
based on various system parameters. The power allocation is dependent on the total 
available transmit power and the depth of the vessel over the bottom surface. The 
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* points with elevations above the water surface level are not filled (i.e., eigenmodes with 
SNRs below a particular value are not used for data transmission). 
[1070] In an embodiment, the water-pouring is not performed across the frequency 
dimension because this tends to exaggerate the frequency selectivity of the eigenmodes 
created by the channel eigenmode decomposition described above. The water-pouring 
may be performed such that all eigenmodes are used for data transmission, or only a 
subset of the eigenmodes is used (with bad eigenmodes being discarded). It can be 
shown that water-pouring across the eigenmodes, when used in conjunction with the 
channel inversion with the singular values sorted in descending order, can provide near- 
optimum performance while mitigating the need for equalization at the receiver. 
[1071] The water-pouring may be performed by water-pouring analysis unit 234 as 
follows. Initially, the total power in each eigenmode is determined as: 

[1072] The SNR for each eigenmode may then be determined as: 



where a 2 is the received noise variance, which may also be denoted as the received 
noise power N 0 . The received noise power corresponds to the noise power on the 

recovered symbols at the receiver, and is a parameter that may be provided by the 
receiver to the transmitter as part of the reported CSI. 

[1073] The transmit power, P n to be allocated to each eigenmode may then be 
determined as: 



SNR,. =% , 



a 



Eq (6) 




Eq(7a) 




Eq (7b) 
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where P sel is a constant that may be derived from various system parameters, and P iotal 

is the total transmit power available for allocation to the eigenmodes. 

[1074] As shown in equation (7a), each eigenmode of sufficient quality is allocated 



allocated more transmit powers. The constant P set determines the amounts of transmit 

power to allocate to the better eigenmodes. This then indirectly determines which 
eigenmodes get selected for use since the total available transmit power is limited and 
the power allocation is constrained by equation (7b). 

[1075] Water-pouring analysis unit 234 thus receives the set of diagonal matrices, 
A, and the received noise power, <r 2 . The matrices A are then used in conjunction 
with the received noise power to derive a vector of scaling values, 
b = [b 0 ... b. ... b N$ ] T , where b t = P i for i = (1, 2, ... ,N S ). The P, are the solutions to 
the water-pouring equations (7a) and (7b). The scaling values in b are indicative of the 
transmit powers allocated to the Ns eigenmodes, where zero or more eigenmodes may 
be allocated no transmit power. 

[1076] FIG. 4 is a flow diagram of an embodiment of a process 400 for allocating 
the total available transmit power to a set of eigenmodes. Process 400, which is one 
specific water-pouring implementation, determines the transmit powers, P. , for i e / , to 
be allocated to the eigenmodes in set /, given the total transmit power, P tot au available at 
the transmitter, the set of eigenmode total powers, P i A , and the received noise power, 



[1077] Initially, the variable n used to denote the iteration number is set to one (i.e., 
n = l) (step 412). For the first iteration, set I(n) is defined to include all of the 

eigenmodes for the MIMO channel, or I(n) = {1, 2, ... , N s } (step 414). The 

cardinality (or length) of set I(n) for the current iteration n is then determined as 

L 7 (n) = \l(n)\ , which is L 7 (n) = N s for the first iteration (step 416). 

[1078] The total effective power, P eff (n) , to be distributed across the eigenmodes in 

set I(n) is next determined (step 418). The total effective power is defined to be equal 




Thus, eigenmodes that achieve better SNRs are 
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to the total available transmit power, P total , plus the sum of the inverse SNRs for the 
eigenmodes in set l(n) . This may be expressed as: 

[1079] The total available transmit power is then allocated to the eigenmodes in set 
I(n). The index i used to iterate through the eigenmodes in set /(n) is initialized to 
one (i.e., i = 1) (step 420). The amount of transmit power to allocate to eigenmode i is 
then determined (step 422) based on the following: 

Each eigenmode in set I(n) is allocated transmit power, P { , in step 422. Steps 424 and 
426 are part of a loop to allocate transmit power to each of the eigenmodes in set I(n) . 
[1080] FIG. 5A graphically illustrates the total effective power, P eff , for an 
example MIMO system with three eigenmodes. Each eigenmode has an inverse SNR 
equal to a 2 /A 2 for i - (1, 2, 3} , which assumes a normalized transmit power of 1.0. 
The total transmit power available at the transmitter is P total = P x + P 2 + P 3 , and is 
represented by the shaded area in FIG. 5A. The total effective power is represented by 
the area in the shaded and unshaded regions in FIG. 5A. 

[1081] For water-pouring, although the bottom of the vessel has an irregular 
surface, the water level at the top remains constant across the vessel. Likewise and as 
shown in FIG. 5A, after the total available transmit power, P to t a u has been distributed to 
the eigenmodes, the final power level is constant across all eigenmodes. This final 
power level is determined by dividing P eff (n) by the number of eigenmodes in set I(n) , 

L ; (n). The amount of power allocated to eigenmode i is then determined by 

subtracting the inverse SNR of that eigenmode, cr 2 1 % n from the final power level, 

P eff {n)l Lj (n) , as given by equation (9) and shown in FIG. 5 A. 

[1082] FIG. 5B shows a situation whereby the water-pouring power allocation 
results in an eigenmode receiving negative power. This occurs when the inverse SNR 
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of the eigenmode is above the final power level, which is expressed by the condition 
(P^(n)/L f (n))<(<7 2 /^). 

[1083] Referring back to FIG. 4, at the end of the power allocation, a determination 
is made whether or not any eigenmode has been allocated negative power (i.e., P i \< 0) 
(step 428). If the answer is yes, then the process continues by removing from set I(n) 
all eigenmodes that have been allocated negative powers (step 430). The index n is 
incremented by one (i.e., n = n + 1 ) (step 432). The process then returns to step 416 to 
allocate the total available transmit power among the remaining eigenmodes in set I{ri) . 
The process continues until all eigenmodes in set I(n) have been allocated positive 
transmit powers, as determined in step 428. The eigenmodes not in set I(n) are 
allocated zero power. 

[1084] Water-pouring is also described by Robert G. Gallager, in "Information 
Theory and Reliable Communication," John Wiley and Sons, 1968, which is 
incorporated herein by reference. A specific algorithm for performing the basic water- 
pouring process for a MIMO-OFDM system is described in U.S. Patent Application 
Serial No. 09/978,337, entitled "Method and Apparatus for Determining Power 
Allocation in a MIMO Communication System," filed October 15, 2001. Water- 
pouring is also described in further detail in U.S. Patent Application Serial No. 
10/056,275, entitled "Reallocation of Excess Power for Full Channel-State Information 
(CSI) Multiple-Input, Multiple-Output (MIMO) Systems," filed January 23, 2002. 
These applications are assigned to the assignee of the present application and 
incorporated herein by reference. 

[1085] If water-pouring is performed to allocate the total available transmit power 
to the eigenmodes, then water-pouring analysis unit 234 provides a set of N s scaling 
values, b = {b 0 ... b { ... b Ns } 9 for the N s eigenmodes. Each scaling value is for a 

respective eigenmode and is used to scale the set of weights determined for that 
eigenmode. 

[1086] For eigenmode i, a set of weights, w t7 =[w l7 (0) ... w u (k) ... w u (N F -l)f, 
used to invert the channel and scale the transmit power of the eigenmode may be 
derived as: 
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= ■ for* = (0,1, ... ,# F -1), Eq(10) 

where the normalization factor, a ( , and the scaling value, b i , are derived as described 
above. 

[1087] Weight computation unit 230 provides the set of weighting matrices, W, 
which may be obtained using the weights w u (k) or w u (k). Each weighting matrix, 
W(fc), is a diagonal matrix whose diagonal elements are composed of the weights 
derived above. In particular, if only channel inversion is performed, then each 
weighting matrix, W(fc) , for k = (0, 1, ... , N F — 1) , is defined as: 

W(*) = diag(w n (*) f w 22 {k\ ... ,w NsNs (k)) , Eq(lla) 

where w u (k) is derived as shown in equation (3). And if both channel inversion and 
water-pouring are performed, then each weighting matrix, W(fc), for 
k = (0, 1, ... , N F - 1) , is defined as: 

W(*) = diag(n> n (*), w 22 (k), ... ,ti NsNs (k)) , Eq(llb) 
where w u (k) is derived as shown in equation (10). 

[1088] Referring back to FIG. 2, a scaler/IFFT 236 receives (1) the set of unitary 
matrices, V, which are the matrices of right eigen-vectors of H, and (2) the set of 
weighting matrices, W, for all N F frequency bins. Scaler/IFFT 236 then derives a 
spatio-temporal pulse-shaping matrix, P tt (n) , for the transmitter based on the received 
matrices. Initially, the square root of each weighting matrix, W(£) , is computed to 
obtain a corresponding matrix, ^/W(fc) , whose elements are the square roots of the 
elements of W(fc). The elements of the weighting matrices, W(fc) for 
k = (0, 1, ... , N F — 1) , are related to the power of the eigenmodes. The square root then 
transforms the power to the equivalent signal scaling. For each frequency bin k, the 
product of the square-root weighting matrix, ^JW^), and the corresponding unitary 
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matrix, V(Jfc) , is then computed to provide a product matrix, \(k)<y]\V(k) . The set of 



product matrices, Y( k )^yV(k) for k - (0, 1, ... ,N F -1), which is also denoted as 
V^W , defines the optimal or near-optimal spatio-spectral shaping to be applied to the 
modulation symbol vectors, s(n) . 

[1089] An inverse FFT of V^W is then computed to derive the spatio-temporal 
pulse-shaping matrix, P, x (rc) , for the transmitter, which may be expressed as: 

P tt (n) = IFFT[V A g] . Eq(12) 

The pulse-shaping matrix, P, x (rc) , is an N T X N T matrix. Each element of j* tx (n) is a 
set of Nf time-domain values, which is obtained by the inverse FFT of a set of values 
for the corresponding element of the product matrices, V^W . Each column of J? tx (n) 

is a steering vector for a corresponding element of s(n) . 

[1090] A convolver 240 receives and preconditions the modulation symbol vectors, 
s(n) , with the pulse-shaping matrix, J* tx (n) , to provide the transmitted symbol vectors, 
\(n) . In the time domain, the preconditioning is a convolution operation, and the 
convolution of s(n) with P tt (n) may be expressed as: 

5(n) = L2 tt (05(»-0 ■ Eq(13) 

t 

The matrix convolution shown in equation (13) may be performed as follows. To 
derive the i-th element of the vector x(n) for time n, x i (n) , the inner product of the /-th 

row of the matrix P tt C0 with the vector s(n-() is formed for a number of delay 
indices (e.g., 0<^< (N F -1)), and the results are accumulated to derive the element 
jc ( .(n). The preconditioned symbol streams transmitted on each transmit antenna (i.e., 
each element of x(fl) or x ( .(n)) is thus formed as a weighted combination of the Nr 
modulation symbol streams, with the weighting determined by the appropriate column 
of the matrix P tt (n). The process is repeated such that each element of \(n) is 
obtained from a respective column of the matrix P tt (n) and the vector s(n) . 
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[1091] Each element of x(n) corresponds to a sequence of preconditioned symbols 
to be transmitted over a respective transmit antenna. The N T preconditioned symbol 
sequences collectively form a sequence of vectors, which are also referred to as the 
transmitted symbol vectors, x(n) , with each such vector including up to N T 
preconditioned symbols to be transmitted from up to N T transmit antennas for the n-th 
symbol period. The Nt preconditioned symbol sequences are provided to transmitters 
122a through 122t and processed to derive N T modulated signals, which are then 
transmitted from antennas 124a through 124t, respectively. 

[1092] The embodiment shown in FIG. 2 performs time-domain beam-steering of 
the modulation symbol vectors, s(w) . The beam-steering may also be performed in the 
frequency domain. This can be done using techniques, such as the overlap-add method, 
which are well-known in the digital signal processing field, for implementing finite- 
duration impulse response (FIR) filters in the frequency domain. In this case, the 
sequences that make up the elements of the matrix P tt (n) for n = (0, 1, ... ,N F -l) 

are each padded with N 0 - N F zeros, resulting in a matrix of zero-padded sequences, 
q^(n) , for n = (0, 1, ... , N Q -1) . An N Q -point fast Fourier transform (FFT) is then 
computed for each zero-padded sequence in the matrix <l tt (fl), resulting in a matrix 
QJk) for* = (0, 1, ... ,JV a -l). 

[1093] Also, the sequences of modulation symbols that make up the elements of 
s(n) are each broken up into subsequences of length N ss = N Q - N F + 1 . Each 

subsequence is then padded with N F -l zeros to provide a corresponding vector of 
length N 0 . The sequences of s(n) are thus processed to provide sequences of vectors 
of length N 0 , s e (n) , where the subscript £ is the index for the vectors that correspond 
to the zero-padded subsequences. An N 0 -point fast Fourier transform is then computed 
for each of the zero-padded subsequences, resulting in a sequence of frequency-domain 
vectors, S e (k), for different values of £ . Each vector S e (k)> for a given £, includes a 
set of frequency-domain vectors of length N 0 (i.e., for fc = (0, 1, ... ,N 0 -l)). The 
matrix Q tx (k) is then multiplied with the vector S e (k) , for each value of £ , where the 
pre-multiplication is performed for each value of k, i.e., for £ = (0, 1, ... y N 0 -l). 
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The inverse FFTs are then computed for the matrix-vector product Q tx (k)S e (k) to 
provide a set of time-domain subsequences of length N 0 . The resulting subsequences 

are then reassembled, according to the overlap-add method, or similar means, as is well- 
known in the art, to form the desired output sequences. 

[1094] FIG. 6 is a flow diagram of an embodiment of a process 600 that may be 
performed at the transmitter unit to implement the various transmit processing 
techniques described herein. Initially, data to be transmitted (i.e., the information bits) 
is processed in accordance with a particular processing scheme to provide a number of 
streams of modulation symbols (step 612). As noted above, the processing scheme may 
include one or more coding schemes and one or more modulation schemes (e.g., a 
separate coding and modulation scheme for each modulation symbol stream). 
[1095] An estimated channel response matrix for the MIMO channel is then 
obtained (step 614). This matrix may be the estimated channel impulse response 

matrix, or the estimated channel frequency response matrix, H, which may be 

provided to the transmitter from the receiver. The estimated channel response matrix is 
then decomposed (e.g., using channel eigen-decomposition) to obtain a set of matrices 
of right eigen-vectors, V , and a set of matrices of singular values, A (step 616). 

[1096] A number of sets of weights, w , are then derived based on the matrices of 

singular values (step 618). One set of weight may be derived for each eigenmode used 
for data transmission. These weights are used to reduce or minimize intersymbol 
interference at the receiver by inverting the frequency response of each eigenmode 
selected for use. 

[1097] A set of scaling values, b, may also be derived based on the matrices of 
singular values (step 620). Step 620 is optional, as indicated by the dashed box for step 
620 in FIG. 6. The scaling values may be derived using water-pouring analysis and are 
used to adjust the transmit powers of the selected eigenmodes. 

[1098] A pulse-shaping matrix, P tt (n), is then derived based on the matrices of 
right eigen-vectors, V , the sets of weights, w i7 , and (if available) the set of scaling 

values, b (step 622). The streams of modulation symbols are then preconditioned (in 
either the time domain or frequency domain) based on the pulse-shaping matrix to 
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provide a number of streams of preconditioned symbols, x(n) , to be transmitted over 
the MIMO channel (step 624). 

[1099] Time-domain transmit processing with channel eigenmode decomposition 
and water-pouring is described in further detail in U.S. Patent Application Serial No. 
10/017,038, entitled 'Time-Domain Transmit and Receive Processing with Channel 
Eigen-mode Decomposition for MIMO Systems," filed December 7, 2001, which is 
assigned to the assignee of the present application and incorporated herein by reference. 
[1100] FIG. 7 is a block diagram of an embodiment of a receiver unit 700 capable 
of implementing various processing techniques described herein. Receiver unit 700 is 
an embodiment of the receiver portion of receiver system 150 in FIG. 1. Receiver unit 
700 includes (1) a RX MIMO processor 160a that processes N R received symbol 
streams to provide N T recovered symbol streams and (2) a RX data processor 162a that 
demodulates, deinterleaves, and decodes the recovered symbols to provide decoded bits. 
RX MIMO processor 160a and RX data processor 162a are one embodiment of RX 
MIMO processor 160 and RX data processor 162, respectively, in FIG. 1. 
[1101] Referring back to FIG. 1, the transmitted signals from N T transmit antennas 
are received by each of N R antennas 152a through 152r. The received signal from each 
antenna is routed to a respective receiver 154, which is also referred to as a front-end 
processor. Each receiver 154 conditions (e.g., filters, amplifies, and frequency 
downconverts) a respective received signal, and further digitizes the conditioned signal 
to provide ADC samples. Each receiver 154 may further data demodulate the ADC 
samples with a recovered pilot to provide a respective stream of received symbols. 
Receivers 154a through 154r thus provide N R received symbol streams. These streams 
collectively form a sequence of vectors, which are also referred to as the received 
symbol vectors, r(n) , with each such vector including N R received symbols from the N R 
receivers 154 for the n-th symbol period. The received symbol vectors, r(n) , are then 
provided to RX MIMO processor 160a. 

[1102] Within RX MIMO processor 160a, a channel estimator 712 receives the 
vectors r(n) and derives an estimated channel impulse response matrix, A, which may 
be sent back to the transmitter system and used in the transmit processing. An FFT 714 
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then performs an FFT on the estimated channel impulse response matrix, A , to obtain 
the estimated channel frequency response matrix, H (i.e., H = FFT [&] ). 

[1103] A unit 716 then performs the channel eigen-decomposition of H(&), for 
each frequency bin k, to obtain the corresponding matrix of left eigen-vectors, V(k) . 
Each column of U , where U = [U(0) ... U(fc) ... V(N F -1)] , is a steering vector for a 
corresponding element of r(n), and is used to orthogonalize the received symbol 
streams. An IFFT 718 then performs the inverse FFT of U to obtain a spatio-temporal 
pulse-shaping matrix, U(n) , for the receiver system. 

[1104] A convolver 720 then conditions the received symbol vectors, r(n) , with the 
conjugate transpose of the spatio-temporal pulse-shaping matrix, U H (n), to obtain the 
recovered symbol vectors, s(n) , which are estimates of the modulation symbol vectors, 
s(n) . In the time domain, the conditioning is a convolution operation, which may be 
expressed as: 

s(n) = ^U H (£)r(n-t) . Eq (14) 

t 

[1105] The pulse-shaping at the receiver may also be performed in the frequency 
domain, similar to that described above for the transmitter. In this case, the Nr 
sequences of received symbols for the Nr receive antennas, which make up the sequence 
of received symbol vectors, r(n) , are each broken up into subsequences of N S s received 
symbols, and each subsequence is zero-padded to provide a corresponding vector of 
length N 0 - The Nr sequences of r(n) are thus processed to provide Nr sequences of 
vectors of length N 0 , r,(n), where the subscript £ is the index for the vectors that 
correspond to the zero-padded subsequences. Each zero-padded subsequence is then 
transformed via an FFT, resulting in a sequence of frequency-domain vectors, R^(^), 

for different values of £. Each vector R^(£), for a given £, includes a set of 
frequency-domain vectors of length N 0 (i.e., for k = (0, 1, ... ,N 0 -1)). 
[1106] The conjugate transpose of the spatio-temporal pulse-shaping matrix, 
<U H (n), is also zero-padded and transformed via an FFT to obtain a frequency-domain 
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~ H 

matrix, U (k) for k = (0, 1, ... , N Q -1) . The vector R e (k) , for each value of £ , is 

then pre-multiplied with the conjugate transpose matrix U (/:) (where the pre- 
multiplication is performed for each value of k, i.e., for k = (0, 1, ... ,N 0 -l)) to 
obtain a corresponding frequency-domain vector S e (k). Each vector S^(^), which 
includes a set of frequency-domain vectors of length N 0 , can then be transformed via 
an inverse FFT to provide a corresponding set of time-domain subsequences of length 
N 0 . The resulting subsequences are then reassembled according to the overlap-add 
method, or similar means, as is well-known in the art, to obtain sequences of recovered 
symbols, which corresponds to the set of recovered symbol vectors, s(n) . 
[1107] Thus recovered symbol vectors, s(n) , may be characterized as a convolution 
in the time domain, as follows: 

|(n) = £r(05(»-0+I(») . Eq(15) 

t 

where ECO is the inverse FFT of A(k) = A(*)VW(lfc) ; and 

z(n) is the received noise as transformed by the receiver spatio-temporal pulse- 
shaping matrix, U H (£) . 
The matrix T(n) is a diagonal matrix of eigen-pulses derived from the set of matrices 
A, where A = [A(0) ... A(k) ... A(N F -1)]. In particular, each diagonal element of 
T(n) corresponds to an eigen-pulse that is obtained as the IFFT of a set of singular 
values, [i„(0) ... X u {k) ... X U (N F - l)] r , for a corresponding element of A, 

[1108] The two forms for ordering the singular values, sorted and random-ordered, 
result in two different types of eigen-pulses. For the sorted form, the resulting eigen- 
pulse matrix, F s (n) , is a diagonal matrix of pulses that are sorted in descending order of 
energy content. The pulse corresponding to the first diagonal element of the eigen-pulse 
matrix, {T s (n)} n , has the most energy, and the pulses corresponding to elements further 
down the diagonal have successively less energy. Furthermore, when the SNR is low 
enough that water-pouring results in some of the frequency bins having little or no 
energy, the energy is taken out of the smallest eigen-pulses first. Thus, at low SNRs, 
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one or more of the eigen-pulses may have little or no energy. This has the advantage 
that at low SNRs, the coding and modulation are simplified through the reduction in the 
number of orthogonal subchannels. However, in order to approach channel capacity, 
the coding and modulation are performed separately for each eigen-pulse. 
[1109] The random-ordered form of the singular values in the frequency domain 
may be used to further simplify coding and modulation (i.e., to avoid the complexity of 
separate coding and modulation for each element of the eigen-pulse matrix). In the 
random-ordered form, for each frequency bin, the ordering of the singular values is 
random instead of being based on their magnitude or size. This random ordering can 
result in approximately equal energy in all of the eigen-pulses. When the SNR is low 
enough to result in frequency bins with little or no energy, these bins are spread 
approximately evenly among the eigenmodes so that the number of eigen-pulses with 
non-zero energy is the same independent of SNR. At high SNRs, the random-order 
form has the advantage that all of the eigen-pulses have approximately equal energy, in 
which case separate coding and modulation for different eigenmodes are not required. 
[1110] If the response of the MIMO channel is frequency selective, then the 
elements in the diagonal matrices, A(k) , are time-dispersive. However, because of the 
pre-processing at the transmitter to invert the channel, the resulting recovered symbol 
sequences, s(n), have little intersymbol interference, if the channel inversion is 
effectively performed. In that case, additional equalization would not be required at the 
receiver to achieve high performance. 

[1111] If the channel inversion is not effective (e.g., due to an inaccurate estimated 
channel frequency response matrix, H) then an equalizer may be used to equalize the 

recovered symbols, s(n) , prior to the demodulation and decoding. Various types of 
equalizer may be used to equalize the recovered symbol streams, including a minimum 
mean square error linear equalizer (MMSE-LE), a decision feedback equalizer (DFE), a 
maximum likelihood sequence estimator (MLSE), and so on. 

[1112] Since the orthogonalization process at the transmitter and receiver results in 
decoupled (i.e., orthogonal) recovered symbol streams at the receiver, the complexity of 
the equalization required for the decoupled symbol streams is greatly reduced. In 
particular, the equalization may be achieved by parallel time-domain equalization of the 
independent symbol streams. The equalization may be performed as described in the 
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aforementioned U.S. Patent Application Serial No. 10/017,038, and in U.S. Patent 
Application Serial No. 09/993,087, entitled "Multiple-Access Multiple-Input Multiple- 
Output (MIMO) Communication System," filed November 6, 2001, which is assigned 
to the assignee of the present application and incorporated herein by reference. 
[1113] For the embodiment in FIG. 7, the recovered symbol vectors, s(n), are 
provided to RX data processor 162a. Within processor 162a, a symbol demapping 
element 732 demodulates each recovered symbol in s(n) in accordance with a 
demodulation scheme that is complementary to the modulation scheme used for that 
symbol at the transmitter system. The demodulated data from symbol demapping 
element 732 is then de-interleaved by a deinterleaver 734. The deinterleaved data is 

further decoded by a decoder 736 to obtain the decoded bits, d { , which are estimates of 
the transmitted information bits, d t . The deinterleaving and decoding are performed in 
a manner complementary to the interleaving and encoding, respectively, performed at 
the transmitter system. For example, a Turbo decoder or a Viterbi decoder may be used 
for decoder 736 if Turbo or convolutional coding, respectively, is performed at the 
transmitter system. 

[1114] FIG. 8 is a flow diagram of a process 800 that may be performed at the 
receiver unit to implement the various receive processing techniques described herein. 
Initially, an estimated channel response matrix for the MIMO channel is obtained (step 
812). This matrix may be the estimated channel impulse response matrix, or the 

estimated channel frequency response matrix, H. The matrix ^ or H may be 

obtained, for example, based on pilot symbols transmitted over the MIMO channel. The 
estimated channel response matrix is then decomposed (e.g., using channel eigen- 
decomposition) to obtain a set of matrices of left eigen-vectors, U (step 814). 

[1115] A pulse-shaping matrix U(n) is then derived based on the matrices of left 
eigen-vectors, U (step 816). The streams of received symbols are then conditioned (in 

either the time domain or frequency domain) based on the pulse-shaping matrix U(n) 
to provide the streams of recovered symbols (step 818). The recovered symbols are 
further processed in accordance with a particular receive processing scheme, which is 
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complementary to the transmit processing scheme used at the transmitter, to provide the 
decoded data (step 820). 

[1116] Time-domain receive processing with channel eigenmode decomposition is 
described in further detail in the aforementioned U.S. Patent Application Serial No. 
10/017,038. 

[1117] The techniques for processing a data transmission at a transmitter and a 
receiver described herein may be implemented in various wireless communication 
systems, including but not limited to MIMO and CDMA systems. These techniques 
may also be used for the forward link and/or the reverse link. 

[1118] The techniques described herein to process a data transmission at the 
transmitter and receiver may be implemented by various means. For example, these 
techniques may be implemented in hardware, software, or a combination thereof. For a 
hardware implementation, the elements used to perform various signal processing steps 
at the transmitter (e.g., to code and modulate the data, decompose the channel response 
matrix, derive the weights to invert the channel, derive the scaling values for power 
allocation, derive the transmitter pulse-shaping matrix, precondition the modulation 
symbols, and so on) or at the receiver (e.g., to decompose the channel response matrix, 
derive the receiver pulse-shaping matrix, condition the received symbols, demodulate 
and decode the recovered symbols, and so on) may be implemented within one or more 
application specific integrated circuits (ASICs), digital signal processors (DSPs), digital 
signal processing devices (DSPDs), programmable logic devices (PLDs), field 
programmable gate arrays (FPGAs), processors, controllers, micro-controllers, 
microprocessors, other electronic units designed to perform the functions described 
herein, or a combination thereof. 

[1119] For a software implementation, some or all of the signal processing steps at 
each of the transmitter and receiver may be implemented with modules (e.g., 
procedures, functions, and so on) that perform the functions described herein. The 
software codes may be stored in a memory unit (e.g., memories 132 and 172 in FIG. 1) 
and executed by a processor (e.g., controllers 130 and 170). The memory unit may be 
implemented within the processor or external to the processor, in which case it can be 
communicatively coupled to the processor via various means as is known in the art. 
[1120] The previous description of the disclosed embodiments is provided to enable 
any person skilled in the art to make or use the present invention. Various 
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modifications to these embodiments will be readily apparent to those skilled in the art, 
and the generic principles defined herein may be applied to other embodiments without 
departing from the spirit or scope of the invention. Thus, the present invention is not 
intended to be limited to the embodiments shown herein but is to be accorded the widest 
scope consistent with the principles and novel features disclosed herein. 



[1121] 



WHAT IS CLAIMED IS: 
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CLAIMS 

1. In a multiple-input multiple-output (MIMO) communication system, a 
method for processing data for transmission over a MEMO channel, comprising: 

processing data in accordance with a particular processing scheme to provide a 
plurality of streams of modulation symbols; 

deriving a pulse-shaping matrix based on an estimated response of the MIMO 
channel and in a manner to reduce intersymbol interference at a receiver; and 

preconditioning the plurality of modulation symbol streams based on the pulse- 
shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 

2. The method of claim 1, further comprising: 

deriving a plurality of weights based on an estimated channel response matrix 
for the MIMO channel, wherein the weights are used to invert a frequency response of 
the MIMO channel, and wherein the pulse-shaping matrix is further derived based on 
the weights. 

3. The method of claim 2, further comprising: 

decomposing the estimated channel response matrix to obtain a plurality of 
matrices of eigen-vectors and a plurality of matrices of singular values, and 

wherein the weights are derived based on the matrices of singular values and the 
pulse-shaping matrix is further derived based on the matrices of eigen-vectors. 

4. The method of claim 2, wherein the estimated channel response matrix is 
descriptive of a plurality of eigenmodes of the MIMO channel. 

5. The method of claim 4, wherein one set of weights is derived for each 
eigenmode used for data transmission and wherein the weights in each set are derived to 
invert the frequency response of the corresponding eigenmode. 

6. The method of claim 4, further comprising: 
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deriving a plurality of scaling values based on the matrices of singular values, 
wherein the scaling values are used to adjust transmit powers for the eigenmodes of the 
MEMO channel, and wherein the pulse-shaping matrix is further derived based on the 
scaling values. 

7. The method of claim 6, wherein the scaling values are derived based on 
water-pouring analysis. 

8. The method of claim 3, wherein the estimated channel response matrix is 
provided in the frequency domain and is decomposed in the frequency domain. 

9. The method of claim 3, wherein the estimated channel response matrix is 
decomposed using channel eigen-decomposition. 

10. The method of claim 4, wherein eigenmodes associated with 
transmission capabilities below a particular threshold are not used for data transmission. 

1 1 . The method of claim 3, wherein the singular values in each matrix are 
sorted based on their magnitude. 

12. The method of claim 4, wherein the singular values in each matrix are 
randomly ordered such that the eigenmodes of the MIMO channel are associated with 
approximately equal transmission capabilities. 

13. The method of claim 1, wherein the pulse-shaping matrix comprises a 
plurality of sequences of time-domain values, and wherein the preconditioning is 
performed in the time domain by convolving the streams of modulation symbols with 
the pulse-shaping matrix. 

14. The method of claim 1, wherein the pulse-shaping matrix comprises a 
plurality of sequences of frequency-domain values, and wherein the preconditioning is 
performed in the frequency domain by multiplying a plurality of streams of transformed 
modulation symbols with the pulse-shaping matrix. 
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15. The method of claim 1, wherein the pulse-shaping matrix is derived to 
maximize capacity by allocating more transmit power to eigenmodes of the MIMO 
channel having greater transmission capabilities. 

16. The method of claim 1, wherein the pulse-shaping matrix is derived to 
provide approximately equal received signal-to-noise-and-interference ratios (SNRs) for 
the plurality of modulation symbol streams at the receiver. 

17. The method of claim 1, wherein the particular processing scheme defines 
a separate coding and modulation scheme for each modulation symbol stream. 

18. The method of claim 1, wherein the particular processing scheme defines 
a common coding and modulation scheme for all modulation symbol streams. 

19. In a multiple-input multiple-output (MIMO) communication system, a 
method for processing data for transmission over a MIMO channel, comprising: 

processing data in accordance with a particular processing scheme to provide a 
plurality of streams of modulation symbols; 

obtaining an estimated channel response matrix for the MIMO channel; 

decomposing the estimated channel response matrix to obtain a plurality of 
matrices of ei gen- vectors and a plurality of matrices of singular values; 

deriving a plurality of weights based on the matrices of singular values, wherein 
the weights are used to invert the frequency response of the MIMO channel; 

deriving a pulse-shaping matrix based on the matrices of eigen-vectors and the 
weights; and 

preconditioning the plurality of streams of modulation symbols based on the 
pulse-shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 

20. The method of claim 19, further comprising: 

deriving a plurality of scaling values based on the matrices of singular values, 
wherein the scaling values are used to adjust transmit powers for eigenmodes of the 
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MIMO channel, and wherein the pulse-shaping matrix is further derived based on the 
scaling values. 

21. A memory communicatively coupled to a digital signal processing 
device (DSPD) capable of interpreting digital information to: 

process data in accordance with a particular processing scheme to provide a 
plurality of streams of modulation symbols; 

derive a pulse-shaping matrix based on an estimated response of the MIMO 
channel and in a manner to reduce intersymbol interference at a receiver; and 

precondition the plurality of streams of modulation symbols based on the pulse- 
shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 

22. In a multiple-input multiple-output (MIMO) communication system, a 
method for processing a data transmission received via a MIMO channel, comprising: 

obtaining an estimated channel response matrix for the MIMO channel; 

decomposing the estimated channel response matrix to obtain a plurality of 
matrices of eigen-vectors; 

deriving a pulse-shaping matrix based on the matrices of eigen-vectors; and 

conditioning a plurality of streams of received symbols based on the pulse- 
shaping matrix to provide a plurality of streams of recovered symbols which are 
estimates of modulation symbols transmitted for the data transmission, wherein the 
modulation symbols are preconditioned at a transmitter, prior to transmission over the 
MIMO channel, in a manner to reduce intersymbol interference at a receiver. 

23. The method of claim 22, wherein the conditioning is performed in the 
time domain based on a time-domain pulse-shaping matrix. 

24. The method of claim 22, wherein the conditioning is performed in the 
frequency domain and includes 

transforming the plurality of received symbol streams to the frequency domain; 
multiplying the transformed received symbol streams with a frequency-domain 
pulse-shaping matrix to provide a plurality of conditioned symbol streams; and 
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transforming the plurality of conditioned symbol streams to the time domain to 
provide the plurality of recovered symbol streams. 

25. The method of claim 22, wherein the conditioning orthogonalizes a 
plurality of streams of modulation symbols transmitted over the MIMO channel. 

26. The method of claim 22, further comprising: 

demodulating the plurality of recovered symbol streams in accordance with one 
or more demodulation schemes to provide a plurality of demodulated data streams; and 

decoding the plurality of demodulated data streams in accordance with one or 
more decoding schemes to provide decoded data. 

27. The method of claim 22, further comprising: 

deriving channel state information (CSI) comprised of the estimated channel 
response matrix for the MIMO channel; and 

sending the CSI back to the transmitter. 

28. In a multiple-input multiple-output (MIMO) communication system, a 
method for processing a data transmission received via a MIMO channel, comprising: 

obtaining an estimated channel response matrix for the MIMO channel; 

decomposing the estimated channel response matrix to obtain a plurality of 
matrices of ei gen- vectors; 

deriving a pulse-shaping matrix based on the matrices of eigen-vectors; 

conditioning a plurality of streams of received symbols based on the pulse- 
shaping matrix to provide a plurality of streams of recovered symbols which are 
estimates of modulation symbols transmitted for the data transmission, wherein the 
modulation symbols are preconditioned at a transmitter, prior to transmission over the 
MIMO channel, in a manner to reduce intersymbol interference at a receiver; 

demodulating the plurality of recovered symbol streams in accordance with one 
or more demodulation schemes to provide a plurality of demodulated data streams; and 

decoding the plurality of demodulated data streams in accordance with one or 
more decoding schemes to provide decoded data. 
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29. A memory communicatively coupled to a digital signal processing 
device (DSPD) capable of interpreting digital information to: 

obtain an estimated channel response matrix for a MIMO channel used for a data 
transmission; 

decompose the estimated channel response matrix to obtain a plurality of 
matrices of ei gen- vectors; 

derive a pulse-shaping matrix based on the matrices of ei gen- vectors; and 
condition a plurality of streams of received symbols based on the pulse-shaping 
matrix to provide a plurality of streams of recovered symbols which are estimates of 
modulation symbols transmitted for the data transmission, wherein the modulation 
symbols are preconditioned at a transmitter, prior to transmission over the MIMO 
channel, in a manner to reduce intersymbol interference at a receiver. 

30. A transmitter unit in a multiple-input multiple-output (MIMO) 
communication system, comprising: 

a TX data processor operative to process data in accordance with a particular 
processing scheme to provide a plurality of streams of modulation symbols; and 

a TX MIMO processor operative to derive a pulse-shaping matrix based on an 
estimated response of a MIMO channel and in a manner to reduce intersymbol 
interference at a receiver, and to precondition the plurality of modulation symbol 
streams based on the pulse-shaping matrix to provide a plurality of streams of 
preconditioned symbols for transmission over the MIMO channel. 

31. The transmitter unit of claim 30, wherein the TX MIMO processor is 
further operative to derive a plurality of weights based on an estimated channel response 
matrix for the MIMO channel, wherein the weights are used to invert the frequency 
response of the MIMO channel, and wherein the pulse-shaping matrix is derived based 
in part on the weights. 

32. The transmitter unit of claim 3 1 , wherein the TX MIMO processor is 
further operative to decompose the estimated channel response matrix to obtain a 
plurality of matrices of eigen-vectors and a plurality of matrices of singular values, and 
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wherein the weights are derived based on the matrices of singular values and the pulse- 
shaping matrix is further derived based on the matrices of eigen-vectors. 

33. The transmitter unit of claim 3 1 , wherein the TX MIMO processor is 
further operative to derive a plurality of scaling values used to adjust transmit powers 
for the eigenmodes of the MIMO channel, and wherein the pulse-shaping matrix is 
further derived based on the scaling values. 

34. The transmitter unit of claim 33, wherein the scaling values are derived 
based on water-pouring analysis on a plurality of matrices of singular values obtained 
from the estimated channel response matrix. 

35. An apparatus in a multiple-input multiple-output (MEMO) 
communication system, comprising: 

means for processing data in accordance with a particular processing scheme to 
provide a plurality of streams of modulation symbols; 

means for deriving a pulse-shaping matrix based on an estimated response of a 
MIMO channel and in a manner to reduce intersymbol interference at a receiver; and 

means for preconditioning the plurality of modulation symbol streams based on 
the pulse-shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 

36. A digital signal processor comprising: 

means for processing data in accordance with a particular processing scheme to 
provide a plurality of streams of modulation symbols; 

means for deriving a pulse-shaping matrix based on an estimated response of a 
multiple-input multiple-output (MIMO) channel and in a manner to reduce intersymbol 
interference at a receiver; and 

means for preconditioning the plurality of modulation symbol streams based on 
the pulse-shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 
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37. A receiver unit in a multiple-input multiple-output (MIMO) 
communication system, comprising: 

an RX MMO processor operative to obtain an estimated channel response 
matrix for a MIMO channel used for a data transmission, decompose the estimated 
channel response matrix to obtain a plurality of matrices of eigen-vectors, derive a 
pulse-shaping matrix based on the matrices of eigen-vectors, and condition a plurality of 
streams of received symbols based on the pulse-shaping matrix to obtain a plurality of 
streams of recovered symbols which are estimates of modulation symbols transmitted 
over the MIMO channel, wherein the modulation symbols were preconditioned at a 
transmitter, prior to transmission over the MIMO channel, in a manner to reduce 
intersymbol interference at the receiver unit; and 

an RX data processor operative to process the plurality of recovered symbol 
streams in accordance with a particular processing scheme to provide decoded data. 

38. The receiver unit of claim 37, wherein the RX MIMO processor is 
operative to condition the plurality of streams of received symbols in the time domain 
based on a time-domain pulse-shaping matrix. 

39. An apparatus in a multiple-input multiple-output (MIMO) 
communication system, comprising: 

means for obtaining an estimated channel response matrix for a MIMO channel 
used for a data transmission; 

means for decomposing the estimated channel response matrix to obtain a 
plurality of matrices of eigen-vectors; 

means for deriving a pulse-shaping matrix based on the matrices of eigen- 
vectors; and 

means for conditioning a plurality of streams of received symbols based on the 
pulse-shaping matrix to provide a plurality of streams of recovered symbols which are 
estimates of modulation symbols transmitted for the data transmission, wherein the 
modulation symbols are preconditioned at a transmitter, prior to transmission over the 
MIMO channel, in a manner to reduce intersymbol interference at a receiver. 

40. A digital signal processor comprising: 
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means for obtaining an estimated channel response matrix for a multiple-input 
multiple-output (MIMO) channel used for a data transmission; 

means for decomposing the estimated channel response matrix to obtain a 
plurality of matrices of eigen-vectors; 

means for deriving a pulse-shaping matrix based on the matrices of eigen- 
vectors; and 

means for conditioning a plurality of streams of received symbols based on the 
pulse-shaping matrix to provide a plurality of streams of recovered symbols which are 
estimates of modulation symbols transmitted for the data transmission, wherein the 
modulation symbols are preconditioned at a transmitter, prior to transmission over the 
MIMO channel, in a manner to reduce intersymbol interference at a receiver. 
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MIMO WLAN SYSTEM 

) 

Claim of Priority under 35 U.S.C. §119 
[0001] This application claims the benefit of provisional U.S. Application Serial No. 

60/421,309, entitled, "MIMO WLAN System," filed on October 25, 2002. 

BACKGROUND 

Field 

[0002] The present invention relates generally to data communication, and more 

specifically to a multiple-input multiple-output (MIMO) wireless local area network 
(WLAN) communication system. 



Background 

[0003] Wireless communication systems are widely deployed to provide various types 

of communication such as voice, packet data, and so on. These systems may be 
multiple-access systems capable of supporting communication with multiple users 
sequentially or simultaneously by sharing the available system resources. Examples of 
multiple-access systems include Code Division Multiple Access (CDMA) systems, 
Time Division Multiple Access (TDMA) systems, and Frequency Division Multiple 
Access (FDMA) systems. 

[0004] Wireless local area networks (WLANs) are also widely deployed to enable 

communication among wireless electronic devices (e.g., computers) via wireless link. 
A WLAN may employ access points (or base stations) that act like hubs and provide 
connectivity for the wireless devices. The access points may also connect (or "bridge") 
the WLAN to wired LANs, thus allowing the wireless devices access to LAN resources. 

[0005] In a wireless communication system, a radio frequency (RF) modulated signal 

from a transmitter unit may reach a receiver unit via a number of propagation paths. 
The characteristics of the propagation paths typically vary over time due to a number of 
factors, such as fading and multipath. To provide diversity against deleterious path 
effects and improve performance, multiple transmit and receive antennas may be used. 
If the propagation paths between the transmit and receive antennas are linearly 
independent (i.e., a transmission on one path is not formed as a linear combination of 
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the transmissions on the other paths), which is generally true to at least an extent, then 
the likelihood of correctly receiving a data transmission increases as the number of 
antennas increases. Generally, diversity increases and performance improves as the 
number of transmit and receive antennas increases. 
[0006] A MIMO system employs multiple (Nt) transmit antennas and multiple (Nr) 

receive antennas for data transmission. A MIMO channel formed by the N T transmit 
and N R receive antennas may be decomposed into Ns spatial channels, with 
N s < min{iV r , N R } . Each of the Ns spatial channels corresponds to a dimension. The 

MIMO system can provide improved performance (e.g., increased transmission capacity 

and/or greater reliability) if the additional dimensionalities created by the multiple 

transmit and receive antennas are utilized. 
[0007] The resources for a given communication system are typically limited by various 

regulatory constraints and requirements and by other practical considerations. 

However, the system may be required to support a number of terminals, provide various 

services, achieve certain performance goals, and so on. 
[0008] There is, therefore, a need in the art for a MIMO WLAN system capable of 

supporting multiple users and providing high system performance. 

SUMMARY 

[0009] A multiple-access MIMO WLAN system having various capabilities and able to 

achieve high performance is described herein. In an embodiment, the system employs 
MIMO and orthogonal frequency division multiplexing (OFDM) to attain high 
throughput, combat deleterious path effects, and provide other benefits. Each access 
point in the system can support multiple user terminals. The allocation of downlink and 
uplink resources is dependent on the requirements of the user terminals, the channel 
conditions, and other factors. 

[0010] A channel structure supporting efficient downlink and uplink transmissions is 

also provided herein. The channel structure comprises a number of transport channels 
that may be used for a number of functions, such as signaling of system parameters and 
resource assignments, downlink and uplink data transmissions, random access of the 
system, and so on. Various attributes of these transport channels are configurable, 
which allows the system to easily adapt to changing channel and loading conditions. 
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[0011] Multiple rates and transmission modes are supported by the MIMO WLAN 

system to attain high throughput when supported by the channel conditions and the 
capabilities of the user terminals. The rates are configurable based on estimates of the 
channel conditions and may be independently selected for the downlink and uplink. 
Different transmission modes may also be used, depending on the number of antennas at 
the user terminals and the channel conditions. Each transmission mode is associated 
with different spatial processing at the transmitter and receiver and may be selected for 
use under different operating conditions. The spatial processing facilitates data 
transmission from multiple transmit antennas and/or data reception with multiple 
receive antennas for higher throughput and/or diversity. 

[0012] In an embodiment, the MIMO WLAN system uses a single frequency band for 

both the downlink and uplink, which share the same operating band using time division 
duplexing (TDD). For a TDD system, the downlink and uplink channel responses are 
reciprocal. Calibration techniques are provided herein to determine and account for 
differences in the frequency responses of the transmit/receive chains at the access point 
and user terminals. Techniques are also described herein to simplify the spatial 
processing at the access point and user terminals by taking advantage of the reciprocal 
nature of the downlink and uplink and the calibration. 

[0013] A pilot structure with several types of pilot used for different functions is also 

provided. For example, a beacon pilot may be used for frequency and system 
acquisition, a MIMO pilot may be used for channel estimation, a steered reference (i.e., 
a steered pilot) may be used for improved channel estimation, and a carrier pilot may be 
used for phase tracking. 

[0014] Various control loops for proper system operation are also provided. Rate 

control may be exercised independently on the downlink and uplink. Power control 
may be exercised for certain transmissions (e.g., fixed-rate services). Timing control 
may be used for uplink transmissions to account for different propagation delays of user 
terminals located throughout the system. 

[0015] Random access techniques to allow user terminals to access the system are also 

provided. These techniques support system access by multiple user terminals, fast 
acknowledgment of system access attempts, and quick assignment of downlink/uplink 
resources. 



WO 2004/039011 



PCT/US2003/034514 



4 

[0016] The various aspects and embodiments of the invention are described in further 

detail below. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0017] The features and nature of the present invention will become more apparent 

from the detailed description set forth below when taken in conjunction with the 
drawings in which like reference characters identify correspondingly throughout and 
wherein: 

[0018] FIG. 1 shows a MIMO WLAN system; 

[0019] FIG. 2 shows a layer structure for the MIMO WLAN system; 

[0020] FIGS. 3 A, 3B and 3C show a TDD-TDM frame structure, an FDD-TDM frame 

structure, and an FDD-CDM frame structure, respectively; 
[0021] FIG. 4 shows the TDD-TDM frame structure with five transport channels - 

BCH, FCCH, FCH, RCH, and RACH; 
[0022] FIGS. 5 A through 5G show various protocol data unit (PDU) formats for the 

five transport channels; 
[0023] FIG. 6 shows a structure for an FCH/RCH packet; 

[0024] FIG. 7 shows an access point and two user terminals; 

[0025] FIGS. 8A, 9A, and 10A show three transmitter units for the diversity, spatial 

multiplexing, and beam-steering modes, respectively; 
[0026] FIGS. 8B, 9B, and 10B show three TX diversity processors for the diversity, 

spatial multiplexing, and beam-steering modes, respectively, 
[0027] FIG. 8C shows an OFDM modulator; 

[0028] FIG. 8D shows an OFDM symbol; 

[0029] FIG. 1 1 A shows a framing unit and a scrambler within a TX data processor; 

[0030] FIG. 11B shows an encoder and a repeat/puncture unit within the TX data 

processor; 

[0031] FIG. 11C shows another TX data processor that may be used for the spatial 

multiplexing mode; 

[0032] FIGS. 12A and 12B show a state diagram for operation of a user terminal; 

[0033] FIG. 13 shows a timeline for the RACH; 

[0034] FIGS. 14A and 14B show processes for controlling the rates of downlink and 

uplink transmissions, respectively; 
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[0035] FIG. 15 shows the operation of a power control loop; and 

[0036] FIG. 16 shows a process for adjusting the uplink timing of a user terminal. 



DETAILED DESCRIPTION 
[0037] The word "exemplary" is used herein to mean "serving as an example, instance, 

or illustration.' 5 Any embodiment or design described herein as "exemplary" is not 
necessarily to be construed as preferred or advantageous over other embodiments or 
designs. 

I. Overall System 

[0038] FIG. 1 shows a MIMO WLAN system 100 that supports a number of users and 

is capable of implementing various aspects and embodiments of the invention. MIMO 
WLAN system 100 includes a number of access points (APs) 110 that support 
communication for a number of user terminals (UTs) 120. For simplicity, only two 
access points 110 are shown in FIG. 1. An access point is generally a fixed station that 
is used for communicating with the user terminals. An access point may also be 
referred to as a base station or some other terminology. 

[0039] User terminals 120 may be dispersed throughout the system. Each user terminal 

may be a fixed or mobile terminal that can communicate with the access point. A user 
terminal may also be referred to as a mobile station, a remote station, an access 
terminal, a user equipment (UE), a wireless device, or some other terminology. Each 
■ user terminal may communicate with one or possibly multiple access points on the 
downlink and/or uplink at any given moment. The downlink (i.e., forward link) refers 
to transmission from the access point to the user terminal, and the uplink (i.e., reverse 
link) refers to transmission from the user terminal to the access point. 

[0040] In FIG. 1, access point 110a communicates with user terminals 120a through 

120f, and access point 110b communicates with user terminals 120f through 120k. 
Depending on the specific design of system 100, an access point may communicate with 
multiple user terminals simultaneously (e.g., via multiple code channels or subbands) or 
sequentially (e.g., via multiple time slots). At any given moment, a user terminal may 
receive downlink transmissions from one or multiple access points. The downlink 
transmission from each access point may include overhead data intended to be received 
by multiple user terminals, user-specific data intended to be received by specific user 
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terminals, other types of data, or any combination thereof. The overhead data may 
include pilot, page and broadcast messages, system parameters, and so on. 

[0041] The MMO WLAN system is based on a centralized controller network 

architecture. Thus, a system controller 130 couples to access points 110 and may 
further couple to other systems and networks. For example, system controller 130 may 
couple to a packet data network (PDN), a wired local area network (LAN), a wide area 
network (WAN), the Internet, a public switched telephone network (PSTN), a cellular 
communication network, and so on. System controller 130 may be designed to perform 
a number of functions such as (1) coordination and control for the access points coupled 
to it, (2) routing of data among these access points, (3) access and control of 
communication with the user terminals served by these access points, and so on. 

[0042] The MIMO WLAN system may be able to provide high throughput with 

significantly greater coverage capability than conventional WLAN systems. The 
MMO WLAN system can support synchronous, asynchronous, and isochronous 
data/voice services. The MIMO WLAN system may be designed to provide the 
following features: 

• High service reliability 

• Guaranteed quality of service (QoS) 

• High instantaneous data rates 

• High spectral efficiency 

• Extended coverage range. 

[0043] The MIMO WLAN system may be operated in various frequency bands (e.g., 

the 2.4 GHz and 5.x GHz U-NII bands), subject to the bandwidth and emission 
constraints specific to the selected operating band. The system is designed to support 
both indoor and outdoor deployments, with typical maximum cell size of 1 km or less. 
The system supports fixed terminal applications, although some operating modes also 
support portable and limited mobility operation. 
1. MIMO, MISO, and SIMP 

[0044] In a specific embodiment and as described throughout the specification, each 

access point is equipped with four transmit and receive antennas for data transmission 
and reception, where the same four antennas are used to transmit and to receive. The 
system also supports the case where the transmit and receive antennas of the device (e.g. 
access point, user terminal) are not shared, even ithough this configuration normally 
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provides lower performance than when the antennas are shared. The MIMO WLAN 
system may also be designed such that each access point is equipped with some other 
number of transmit/receive antennas. Each user terminal may be equipped with a single 
transmit/receive antenna or multiple transmit/receive antennas for data transmission and 
reception. The number of antennas employed by each user terminal type may be 
dependent on various/ factors such as, for example, the services to be supported by the 
user terminal (e.g., voice, data, or both), cost considerations, regulatory constraints, 
safety issues, and so on. 

[0045] For .a given pairing of multi-antenna access point and multi-antenna user 

terminal, a MIMO channel is formed by the Nt transmit antennas and N R receive 
antennas available for use for data transmission. Different MIMO channels are formed 
between the access point and different multi-antenna user terminals. Each MIMO 
channel may be decomposed into N$ spatial channels, with N s < min {N T , N R }. Ns data 
streams may be transmitted on the Ns spatial channels. Spatial processing is required at 
a receiver and may or may not be performed at a transmitter in order to transmit 
multiple data streams on the Ns spatial channels. 

[0046] The Ns spatial channels may or may not be orthogonal to one another. This 

depends on various factors such as (1) whether or not spatial processing was performed 
at the transmitter to obtain orthogonal spatial channels and (2) whether or not the spatial 
processing at both the transmitter and the receiver was successful in orthogonalizing the 
spatial channels. If no spatial processing is performed at the transmitter, then the N s 
spatial channels may be formed with Ns transmit antennas and are unlikely to be 
orthogonal to one another. 

[0047] The Ns spatial channels may be orthogonalized by performing decomposition on 

a channel response matrix for the MIMO channel, as described below. Each spatial 
channel is referred to as an eigenmode of the MIMO channel if the N s spatial channels 
are orthogonalized using decomposition, which requires spatial processing at both the 
transmitter and the receiver, as described below. In this case, Ns data streams may be 
transmitted orthogonally on the Ns eigenmodes. However, an eigenmode normally 
refers to a theoretical construct. The N s spatial channels are typically not completely 
orthogonal to one another due to various reasons. For example, the spatial channels 
would not be orthogonal if (1) the transmitter has no knowledge of the MIMO channel 
or (2) the transmitter and/or receiver have imperfect estimate of the MIMO channel. 
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For simplicity, in the following description, the term "eigenmode" is used to denote the 
case where an attempt is made to orthogonalize the spatial channels using 
decomposition, even though the attempt may not be fully successful due to, for 
example, an imperfect channel estimate. 

[0048] For a given number of (e.g., four) antennas at the access point, the number of 

spatial channels available for each user terminal is dependent on the number of antennas 
employed by that user terminal and the characteristics of the wireless MIMO channel 
that couples the access point antennas and the user terminal antennas. If a user terminal 
is equipped with one antenna, then the four antennas at the access point and the single 
antenna at the user terminal form a multiple-input single-output (MISO) channel for the 
downlink and a single-input multiple-output (SIMO) channel for the uplink. 

[0049] The MIMO WLAN system may be designed to support a number of 

transmission modes. Table 1 lists the transmission modes supported by an exemplary 
design of the MIMO WLAN system. 



Table 1 



Transmission modes 


Description 


SIMO 


Data is transmitted from a single antenna but may be received 
by multiple antennas for receive diversity. 


Diversity 


Data is redundantly transmitted from multiple transmit 
antennas and/or multiple subbands to provide diversity. 


Beam-steering 


Data is transmitted on a single (best) spatial channel at full 
power using phase steering information for the principal 
eigenmode of the MIMO channel. 


Spatial multiplexing 


Data is transmitted on multiple spatial channels to achieve 
higher spectral efficiency. 



For simplicity, the term "diversity" refers to transmit diversity in the following 
description, unless noted otherwise. 
[0050] The transmission modes available for use for the downlink and uplink for each 

user terminal are dependent on the number of antennas employed at the user terminal. 
Table 2 lists the transmission modes available for different terminal types for the 
downlink and uplink, assuming multiple (e.g., four) antennas at the access point. 
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Table 2 



Transmission modes 


Downlink 


Uplink 


Single- 
antenna user 
terminal 


Multi- 
antenna user 
terminal 


Single- 
antenna user 
terminal 


Multi- 
antenna user 
terminal 


MISO (on downlink)/ 
SIMO (on uplink) 


X 


X 


X 


X 


Diversity 


X 


X 




X 


Beam-steering 


X 


X 




X 


Spatial multiplexing 




X 




X 



For the downlink, all of the transmission modes except for the spatial multiplexing 
mode may be used for single-antenna user terminals, and all transmission modes may be 
used for multi-antenna user terminals. For the uplink, all transmission modes may be 
used by multi-antenna user terminals, while single-antenna user terminals use the SIMO 
mode to transmit data from the one available antenna. Receive diversity (i.e., receiving 
a data transmission with multiple receive antennas) may be used for the SIMO, 
diversity, and beam-steering modes. 
[0051] The MEVIO WLAN system may also be designed to support various other 

transmission modes, and this is within the scope of the invention. For example, a beam- 
forming mode may be used to transmit data on a single eigenmode using both the 
amplitude and phase information for the eigenmode (instead of only the phase 
information, which is all that is used by the beam-steering mode). As another example, 
a "non-steered" spatial multiplexing mode can be defined whereby the transmitter 
simply transmits multiple data streams from multiple transmit antennas (without any 
spatial processing) and the receiver performs the necessary spatial processing to isolate 
and recover the data streams sent from the multiple transmit antennas. As yet another 
example, a "multi-user" spatial multiplexing mode can be defined whereby the access 
point transmits multiple data streams from multiple transmit antennas (with spatial 
processing) to multiple user terminals concurrently on the downlink. As yet another 
example, a spatial multiplexing mode can be defined whereby the transmitter performs 
spatial processing to attempt to orthogonalize the multiple data streams sent on the 
multiple transmit antennas (but may not be completely successful because of an 
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imperfect channel estimate) and the receiver performs the necessary spatial processing 
to isolate and recover the data streams sent from the multiple transmit antennas. Thus, 
the spatial processing to transmit multiple data streams via multiple spatial channels 
may be performed (1) at both the transmitter and receiver, (2) at only the receiver, or (3) 
at only the transmitter. Different spatial multiplexing modes may be used depending 
on, for example, the capabilities of the access point and the user terminals, the available 
channel state information, system requirements, and so on. 
[0052] In general, the access points and user terminals may be designed with any 

number of transmit and receive antennas. For clarity, specific embodiments and designs 
are described below whereby each access point is equipped with four transmit/receive 
antennas, and each user terminal is equipped with four or less transmit/receive antennas. 
2. OFDM 

[0053] In an embodiment, the MIMO WLAN system employs OFDM to effectively 

partition the overall system bandwidth into a number of (Afc) orthogonal subbands. 
These subbands are also referred to as tones, bins, or frequency channels. With OFDM, 
each subband is associated with a respective subcarrier that may be modulated with 
data. For a MIMO system that utilizes OFDM, each spatial channel of each subband 
may be viewed as an independent transmission channel where the complex gain 
associated with each subband is effectively constant across the subband bandwidth. 

[0054] In an embodiment, the system bandwidth is partitioned into 64 orthogonal 

subbands (i.e., N F =64), which are assigned indices of -32 to +31. Of these 64 
subbands, 48 subbands (e.g., with indices of ±{1, 6, 8, 20, 22, ... , 26}) are used 
for data, 4 subbands (e.g., with indices of ±{7, 21}) are used for pilot and possibly 
signaling, the DC subband (with index of 0) is not used, and the remaining subbands are 
also not used and serve as guard subbands. This OFDM subband structure is described 
in further detail in a document for IEEE Standard 802.11a and entitled "Part 11: 
Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) 
Specifications: High-speed Physical Layer in the 5 GHz Band," September 1999, which 
is publicly available and incorporated herein by reference. Different numbers of 
subbands and various other OFDM subband structures may also be implemented for the 
MIMO WLAN system, and this is within the scope of the invention. For example, all 
53 subbands with indices from -26 to +26 may be used for data transmission. As 
another example, a 128-subband structure, a 256-subband structure, or a subband 
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structure with some other number of subbands may be used. For clarity, the MIMO 
WLAN system is described below with the 64-subband structure described above. 

[0055] For OFDM, the data to be transmitted on each subband is first modulated (i.e., 

symbol mapped) using a particular modulation scheme selected for use for that subband. 
Zeros are provided for the unused subbands. For each symbol period, the modulation 
symbols and zeros for all Nf subbands are transformed to the time domain using an 
inverse fast Fourier transform (IFFT) to obtain a transformed symbol that contains N F 
time-domain samples. The duration of each transformed symbol is inversely related to 
the bandwidth of each subband. In one specific design for the MIMO WLAN system, 
the system bandwidth is 20 MHz, N F = 64 , the bandwidth of each subband is 312,5 
KHz, and the duration of each transformed symbol is 3.2 jiisec. 

[0056] OFDM can provide certain advantages, such as the ability to combat frequency 

: selective fading, which is characterized by different channel gains at different 
frequencies of the overall system bandwidth. It is well known that frequency selective 
fading causes inter-symbol interference (ISI), which is a phenomenon whereby each 
symbol in a received signal acts as distortion to subsequent symbols in the received 
signal. The ISI distortion degrades performance by impacting the ability to correctly 
detect the received symbols. Frequency selective fading can be conveniently combated 
with OFDM by repeating a portion of (or appending a cyclic prefix to) each transformed 
symbol to form a corresponding OFDM symbol, which is then transmitted. 

[0057] The length of the cyclic prefix (i.e., the amount to repeat) for each OFDM 

symbol is dependent on the delay spread of the wireless channel. In particular, to 
effectively combat ISI, the cyclic prefix should be longer than the maximum expected 
delay spread for the system. 

[0058] In an embodiment, cyclic prefixes of different lengths may be used for the 

OFDM symbols, depending on the expected delay spread. For the specific MIMO 
WLAN system described above, a cyclic prefix of 400 nsec (8 samples) or 800 nsec (16 
samples) may be selected for use for the OFDM symbols. A "short" OFDM symbol 
uses the 400 nsec cyclic prefix and has a duration of 3.6 usee. A "long" OFDM symbol 
uses the 800 nsec cyclic prefix and has a duration of 4.0 jLisec. Short OFDM symbols 
may be used if the maximum expected delay spread is 400 nsec or less, and long OFDM 
symbols may be used if the delay spread is greater than 400 nsec. Different cyclic 
prefixes may be selected for use for different transport channels, and the cyclic prefix 
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may also be dynamically selectable, as described below. Higher system throughput may 
be achieved by using the shorter cyclic prefix when possible, since more OFDM 
symbols of shorter duration can be transmitted over a given fixed time interval. 

[0059] The MIMO WLAN system may also be designed to not utilize OFDM, and this 

is within the scope of the invention. 
3. Layer Structure 

[0060] FIG. 2 illustrates a layer structure 200 that may be used for the MIMO WLAN 

system. Layer structure 200 includes (1) applications and upper layer protocols that 
approximately correspond to Layer 3 and higher of the ISO/OSI reference model (upper 
layers), (2) protocols and services that correspond to Layer 2 (the link layer), and (3) 
protocols and services that correspond to Layer 1 (the physical layer). 

[0061] The upper layers includes various applications and protocols, such as signaling 

services 212, data services 214, voice services 216, circuit data applications, and so on. 
Signaling is typically provided as messages and data is typically provided as packets. 
The services and applications in the upper layers originate and terminate messages and 
packets according to the semantics and timing of the communication protocol between 
the access point and the user terminal. The upper layers utilize the services provided by 
Layer 2. 

[0062] Layer 2 supports the delivery of messages and packets generated by the upper 

layers. In the embodiment shown in FIG. 2, Layer 2 includes a Link Access Control 
(LAC) sublayer 220 and a Medium Access Control (MAC) sublayer 230. The LAC 
sublayer implements a data link protocol that provides for the correct transport and 
delivery of messages generated by the upper layers. The LAC sublayer utilizes the 
services provided by the MAC sublayer and Layer 1. The MAC sublayer is responsible 
for transporting messages and packets using the services provided by Layer 1. The 
MAC sublayer controls the access to Layer 1 resources by the applications and services 
in the upper layers. The MAC sublayer may include a Radio Link Protocol (RLP) 232, 
which is a retransmission mechanism that may be used to provide higher reliability for 
packet data. Layer 2 provides protocol data units (PDUs) to Layer 1. 

[0063] Layer 1 comprises physical layer 240 and supports the transmission and 

reception of radio signals between the access point and user terminal. The physical 
layer performs coding, interleaving, modulation, and spatial processing for various 
transport channels used to send messages and packets generated by the upper layers. In 
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this embodiment, the physical layer includes a multiplexing sublayer 242 that 
multiplexes processed PDUs for various transport channels into the proper frame 
format. Layer 1 provides data in units of frames. 
[0064] FIG. 2 shows a specific embodiment of a layer structure that may be used for the 

MEMO WLAN system. Various other suitable layer structures may also be designed 

and used for the MEMO WLAN system, and this is within the scope of the invention. 

i 

The functions performed by each layer are described in further detail below where 
appropriate. 

4. Transport Channels 
[0065] A number of services and applications may be supported by the MIMO WLAN 

system. Moreover, other data required for proper system operation may need to be sent 
by the access point or exchanged between the access point and user terminals. A 
number of transport channels may be defined for the MIMO WLAN system to carry 
various types of data. Table 3 lists an exemplary set of transport channels and also 
provides a brief description for each transport channel. 



Table 3 



Transport channels 


Description 


Broadcast channel 


BCH 


Used by the access point to transmit pilot and system 
parameters to the user terminals. 


Forward control 
channel 


FCCH 


Used by the access point to allocate resources on the 
downlink and uplink. The resource allocation may be 
performed on a frame-by-frame basis. Also used to 
provide acknowledgment for messages received on the 
RACH. 


Forward channel 


FCH 


Used by the access point to transmit user-specific data 
to the user terminals and possibly a reference (pilot) 
used by the user terminals for channel estimation. May 
also be used in a broadcast mode to send page and 
broadcast messages to multiple user terminals. 


Random access 
channel 


RACH 


Used by the user terminals to gain access to the system 
and send short messages to the access point. 


Reverse channel 


RCH 


Used by the user terminals to transmit data to the access 
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I 

point. May also carry a reference used by the access 

point for channel estimation. 



[0066] As shown in Table 3, the downlink transport channels used by the access point 

includes the BCH, FCCH, and FCH. The uplink transport channels used by the user 
terminals include the RACH and RCH. Each of these transport channels is described in 
further detail below. 

[0067] The transport channels listed in Table 3 represent a specific embodiment of a 

channel structure that may be used for the MIMO WLAN system. Fewer, additional, 
and/or different transport channels may also be defined for use for the MIMO WLAN 
system. For example, certain functions may be supported by function-specific transport 
channels (e.g., pilot, paging, power control, and sync channel channels). Thus, other 
channel structures with different sets of transport channels may be defined and used for 
the MEMO WLAN system, and this is within the scope of the invention. 
5. Frame Structures 

[0068] A number of frame structures may be defined for the transport channels. The 

specific frame structure to use for the MIMO WLAN system is dependent on various 
factors such as, for example, (1) whether the same or different frequency bands are used 
for the downlink and uplink and (2) the multiplexing scheme used to multiplex the 
transport channels together. 

[0069] If only one frequency band is available, then the downlink and uplink may be 

transmitted on different phases of a frame using time division duplexing (TDD), as 
described below. If two frequency bands are available, then the downlink and uplink 
may be transmitted on different frequency bands using frequency division duplexing 
(FDD). 

[0070] For both TDD and FDD, the transport channels may be multiplexed together 

using time division multiplexing (TDM), code division multiplexing (CDM), frequency 
division multiplexing (FDM), and so on. For TDM, each transport channel is assigned 
to a different portion of a frame. For CDM, the transport channels are transmitted 
concurrently but each transport channel is channelized by a different channelization 
code, similar to that performed in a code division multiple access (CDMA) system. For 
FDM, each transport channel is assigned a different portion of the frequency band for 
the link. 
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[0071] Table 4 lists the various frame structures that may be used to carry the transport 

channels. Each of these frame structures is described in further detail below. For 
clarity, the frame structures are described for the set of transport channels listed in Table 
3. 



Table 4 





Shared frequency band for 
downlink and uplink 


Separate frequency bands for 
downlink and uplink 


Time division 


TDD-TDM frame structure 


FDD-TDM frame structure 


Code division 


TDD-CDM frame structure 


EDD-CDM frame structure 



i 



[0072] FIG, 3A illustrates an embodiment of a TDD-TDM frame structure 300a that 

may be used if a single frequency band is used for both the downlink and uplink. Data 
transmission occurs in units of TDD frames. Each TDD frame may be defined to span a 
particular time duration. The frame duration may be selected based on various factors 
such as, for example, (1) the bandwidth of the operating band, (2) the expected sizes of 
the PDUs for the transport channels, and so on. In general, a shorter frame duration 
may provide reduced delays. However, a longer frame duration may be more efficient 
since header and overhead may represent a smaller fraction of the frame. In a specific 
embodiment, each TDD frame has a duration of 2 msec. 

[0073] Each TDD frame is partitioned into a downlink phase and an uplink phase. The 

downlink phase is further partitioned into three segments for the three downlink 
transport channels - the BCH, FCCH, and FCH. The uplink phase is further partitioned 
into two segments for the two uplink transport channels - the RCH and RACH. 

[0074] The segment for each transport channel may be defined to have either a fixed 

duration or a variable duration that can change from frame to frame. In an embodiment, 
the BCH segment is defined to have a fixed duration, and the FCCH, FCH, RCH, and 
RACH segments are defined to have variable durations. 

[0075] The segment for each transport channel may be used to carry one or more 

protocol data units (PDUs) for that transport channel. In the specific embodiment 
shown in FIG. 3 A, a BCH PDU is transmitted in a first segment 310, an FCCH PDU is 
transmitted in a second segment 320, and one or more FCH PDUs are transmitted in a 
third segment 330 of the downlink phase. On the uplink phase, one or more RCH PDUs 
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are transmitted in a fourth segment 340 and one or more RACH PDUs are transmitted in 
a fifth segment 350 of the TDD frame. 

[0076] Frame structure 300a represents a specific arrangement of the various transport 

channels within a TDD frame. This arrangement can provide certain benefits such as 
reduced delays for data transmission on the downlink and uplink. The BCH is 
transmitted first in the TDD frame since it carries system parameters that may be used 
>. for the PDUs of the other transport channels within the same TDD frame. The FCCH is 
transmitted next since it carries channel assignment information indicative of which 
user terminal(s) are designated to receive downlink data on the FCH and which user 
terminal(s) are designated to transmit uplink data on the RCH within the current TDD 
frame. Other TDD-TDM frame structures may also be defined and used for the MIMO 
WLAN system, and this is within the scope of the invention. 

[0077] FIG. 3B illustrates an embodiment of an FDD-TDM frame structure 300b that 

may be used if the downlink and uplink are transmitted using two separate frequency 
bands. Downlink data is transmitted in a downlink frame 302a, and uplink data is 
transmitted in an uplink frame 302b. Each downlink and uplink frame may be defined 
to span a particular time duration (e.g., 2 msec). For simplicity, the downlink and 
uplink frames may be defined to have the same duration and may further be defined to 
be aligned at the frame boundaries. However, different frame durations and/or non- 
aligned (i.e., offset) frame boundaries may also be used for the downlink and uplink. 

[0078] As shown in FIG. 3B, the downlink frame is partitioned into three segments for 

the three downlink transport channels. The uplink frame is partitioned into two 
segments for the two uplink transport channels. The segment for each transport channel 
may be defined to have a fixed or variable duration, and may be used to carry one or 
more PDUs for that transport channel. 

[0079] In the specific embodiment shown in FIG. 3B, the downlink frame carries a 

BCH PDU, an FCCH PDU, and one or more FCH PDUs in segments 310, 320, and 330, 
respectively. The uplink frame carries one or more RCH PDUs and one or more RACH 
PDUs in segments 340 and 350, respectively. This specific arrangement may provide 
the benefits described above (e.g., reduced delays for data transmission). The transport 
channels may have different PDU formats, as described below. Other FDD-TDM frame 
structures may also be defined and used for the MIMO WLAN system, and this is 
within the scope of the invention. 
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[0080] FIG. 3C illustrates an embodiment of an FDD-CDM/FDM frame structure 300c 

that may also be used if the downlink and uplink are transmitted using separate 
frequency bands. Downlink data may be transmitted in a downlink frame 304a, and 
uplink data may be transmitted in an uplink frame 304b. The downlink and uplink 
frames may be defined to have the same duration (e.g., 2 msec) and aligned at the frame 
boundaries. 

[0081] As shown in FIG. 3C, the three downlink transport channels are transmitted 

concurrently in the downlink frame, and the two uplink transport channels are 
transmitted concurrently in the uplink frame. For CDM, the transport channels for each 
link are "channelized" with different channelization codes, which may be Walsh codes, 
orthogonal variable spreading factor (OVSF) codes, quasi-orthogonal functions (QOF), 
and so on. For EDM, the transport channels for each link are assigned different portions 
of the frequency band for the link. Different amounts of transmit power may also be 
used for different transport channels in each link. 

[0082] . Other frame structures may also be defined for the downlink and uplink 
transport channels, and this is within the scope of the invention. Moreover, it is possible 
to use different types of frame structure for the downlink and uplink. For example, a 
TDM-based frame structure may be used for the downlink and a CDM-based frame 
structure may be used for the uplink. 

[0083] In the following description, the MIMO WLAN system is assumed to use one 

frequency band for both downlink and uplink transmissions. For clarity, the TDD-TDM 
frame structure shown in FIG. 3A is used for the MIMO WLAN system. For clarity, a 
specific implementation of the TDD-TDM frame structure is described throughout the 
specification. For this implementation, the duration of each TDD frame is fixed at 2 
msec, and the number of OFDM symbols per TDD frame is a function of the length of 
the cyclic prefix used for the OFDM symbols. The BGH has a fixed duration of 80 ^isec 
and uses the 800 nsec cyclic prefix for the OFDM symbols transmitted. The remainder 
of the TDD frame contains 480 OFDM symbols if the 800 nsec cyclic prefix is used, 
and 533 OFDM symbols plus 1.2 (Asec of excess time if the 400 nsec cyclic prefix is 
used. The excess time can be added to the guard interval at the end of the RACH 
segment. Other frame structures and other implementations may also be used, and this 
is within the scope of the invention. 
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II. Transport Channels 

[0084] The transport channels are used to send various types of data and may be 

categorized into two groups: common transport channels and dedicated transport 
channels. Because the common and dedicated transport channels are used for different 
purposes, different processing may be used for these two groups of transport channels, 
as described in further detail below. 

[0085] Common Transport Channels, The common transport channels include the 

BCH, FCCH, and RACH. These transport channels are used to send data to or receive 
data from multiple user terminals. For improved reliability, the BCH and FCCH are 
transmitted by the access point using the diversity mode. On the uplink, the RACH is 
transmitted by the user terminals using the beam-steering mode (if supported by the user 
terminal). The BCH is operated at a known fixed rate so that the user terminals can 
receive and process the BCH without any additional information. The FCCH and 
RACH support multiple rates to allow for greater efficiency. As used herein, each 
"rate" or "rate set" is associated with a particular code rate (or coding scheme) and a 
particular modulation scheme. 

[0086] Dedicated Transport Channels. The dedicated transport channels include the 

FCH and RCH. These transport channels are normally used to send user-specific data 
to or by specific user terminals. The FCH and RCH may be dynamically allocated to 
the user terminals as necessary and as available. The FCH may also be used in a 
broadcast mode to send overhead, page, and broadcast messages to the user terminals. 
In general, the overhead, page, and broadcast messages are transmitted prior to any 
user-specific data on the FCH. 

[0087] FIG, 4 illustrates an exemplary transmission on the BCH, FCCH, FCH, RCH, 

and RACH based on TDD-TDM frame structure 300a. In this embodiment, one BCH 
PDU 410 and one FCCH PDU 420 are transmitted in BCH segment 310 and FCCH 
segment 320, respectively. FCH segment 330 may be used to send one or more FCH 
PDUs 430, each of which may be intended for a specific user terminal or multiple user 
terminals. Similarly, one or more RCH PDUs 440 may be sent by one or more user 
terminals in RCH segment 340. The start of each FCH/RCH PDU is indicated by an 
FCH/RCH offset from the end of the preceding segment. A number of RACH PDUs 
450 may be sent in RACH segment 350 by a number of user terminals to access the 
system and/or to send short messages, as described below. 
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[0088] For clarity, the transport channels are described for the specific TDD-TDM 

frame structure shown in FIGS. 3 A and 4. 

1. Broadcast Channel (BCH) ■ Downlink 

[0089] The BCH is used by the access point to transmit a beacon pilot, a MEMO pilot, 

and system parameters to the user terminals. The beacon pilot is used by the user 
terminals to acquire system timing and frequency. The MIMO pilot is used by the user 
terminals to estimate the MIMO channel formed by the access point antennas and their 
own antennas. The beacon and MIMO pilots are described in further detail below. The 
system parameters specify various attributes of the downlink and uplink transmissions. 
For example, since the durations of the FCCH, FCH, RACH, and RCH segments are 
variable, the system parameters that specify the length of each of these segments for the 
current TDD frame are sent in the BCH. 

[0090] ; FIG. 5A illustrates an embodiment of BCH PDU 410. In this embodiment, 
BCH PDU 410 includes a preamble portion 510 and a message portion 516. Preamble 
portion 510 further includes a beacon pilot portion 512 and a MIMO pilot portion 514. 
Portion 512 carries a beacon pilot and has a fixed duration of T cp = 8// sec . Portion 514 

carries a MIMO pilot and has a fixed duration of T MP = 32// sec . Portion 516 carries a 

BCH message and has a fixed duration of T BM =40// sec. The duration of the BCH 

PDU is fixed at T CP + T w + T BM = 80// sec . 

[0091] A preamble may be used to send one or more types of pilot and/or other 

information. A beacon pilot comprises a specific set of modulation symbols that is 
transmitted from all transmit antennas. A MIMO pilot comprises a specific set of 
modulation symbols that is transmitted from all transmit antennas with different 
orthogonal codes, which then allows the receivers to recover the pilot transmitted from 
each antenna. Different sets of modulation symbols may be used for the beacon and 
MIMO pilots. The generation of the beacon and MIMO pilots is described in further 
detail below. 

[0092] The BCH message carries system configuration information. Table 5 lists the 

various fields for an exemplary BCH message format. 



Table 5 - BCH Message 



Fields/ 


Length 




Parameter Names 


Description 


(bits) 
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Frame Counter 


4 


TDD frame counter 


Net ID 


10 


Network identifier (ID) 


APED 


6 


Access point ID 


AP Tx Lvl 


4 


Access point transmit level 


AP Rx Lvl 


3 


Access point receive level 


FCCH Length 


6 


Duration of FCCH (in units of OFDM symbols) 


FCCH Rate 


2 


Physical layer rate of FCCH 


FCH Length 


9 


Duration of FCH (m units of OFDM symbols) 


RCH Length 


9 


Duration of RCH (in units of OFDM symbols) 


RACH Length 


5 


Duration of RACH (in units of RACH slots) 


RACH Slot Size 


2 


Duration of each RACH slot (in units of OFDM 
symbols) 


RACH Guard Interval 


2 


Guard interval at the end of RACH 


Cyclic Prefix Duration 


1 


Cyclic prefix duration 


Page Bit 


1 


"0" = page message sent on FCH 
"1" = no page message sent 


Broadcast Bit 


1 


"0" = broadcast message sent on FCH 
"1" = no broadcast message sent 


RACH 


1 


"0" = RACH acknowledgment sent on FCH 


Acknowledgment Bit 




"1" = no RACH acknowledgment sent 


CRC 


16 


CRC value for the BCH message 


Tail Bits 


6 


Tail bits for convolutional encoder 


Reserved 


32 


Reserved for future use 



[0093] The Frame Counter value may be used to synchronize various processes at the 

access point and user terminals (e.g., the pilot, scrambling codes, cover code, and so 
on). A frame counter may be implemented with a 4-bit counter that wraps around. This 
counter is incremented at the start of each TDD frame, and the counter value is included 
in the Frame Counter field. The Net ID field indicates the identifier (ID) of the network 
to which the access point belongs. The AP ID field indicates the ID of the access point 
within the network ID. The AP Tx Lvl and AP Rx Lvl fields indicate the maximum 
transmit power level and the desired receive power level at the access point, 
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respectively. The desired receive power level may be used by the user terminal to 
determine the initial uplink transmit power. 

[0094] The FCCH Length, FCH Length, and RCH Length fields indicate the lengths of 

the FCCH, FCH, and RCH segments, respectively, for the current TDD frame. The 
lengths of these segments are given in units of OFDM symbols. The OFDM symbol 
duration for the BCH is fixed at 4.0 |^sec. The OFDM symbol duration for all other 
transport channels (i.e., the FCCH, FCH, RACH, and RCH) is variable and depends on 
the selected cyclic prefix, which is specified by the Cyclic Prefix Duration field. The 
FCCH Rate field indicates the rate used for the FCCH for the current TDD frame. 

[0095] The RACH Length field indicates the length of the RACH segment, which is 

given in units of RACH slots. The duration of each RACH slot is given by the RACH 
Slot Size field, in units of OFDM symbols. The RACH Guard Interval field indicates 
the amount of time between the last RACH slot and the start of the BCH segment for 
the next TDD frame. These various fields for the RACH are described in further detail 
below. 

[0096] The Page Bit and Broadcast Bit indicate whether or not page messages and 

broadcast messages, respectively, are being sent on the FCH in the current TDD frame. 
These two bits may be set independently for each TDD frame. The RACH 
Acknowledgment Bit indicates whether or not acknowledgments for PDUs sent on the 
RACH in prior TDD frames are being sent on the FCCH in the current TDD frame. 

[0097] The CRC field includes a CRC value for the entire BCH message. This CRC 

value may be used by the user terminals to determine whether the received BCH 
message is decoded correctly (i.e., good) or in error (i.e., erased). The Tail Bits field 
includes a group of zeros used to reset the convolutional encoder to a known state at the 
end of the BCH message. 

[0098] As shown in Table 5, the BCH message includes a total of 120 bits. These 120 

bits may be transmitted with 10 OFDM symbols using the processing described in detail 
below. 

[0099] Table 5 shows a specific embodiment of the format for the BCH message. Other 

BCH message formats with fewer, additional, and/or different fields may also be 
defined and used, and this is within the scope of the invention. 
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2. Forward Control Channel (FCCH) - Downlink 

[00100] In an embodiment, the access point is able to allocate resources for the FCH and 

RCH on a per frame basis. The FCCH is used by the access point to convey the 
resource allocation for the FCH and RCH (i.e., the channel assignments). 

[00101] FIG. 5B illustrates an embodiment of FCCH PDU 420. In this embodiment, the 

FCCH PDU includes only a portion 520 for an FCCH message. The FCCH message 
has a variable duration that can change from frame to frame, depending on the amount 
of scheduling information being carried on the FCCH for that frame. The FCCH 
message duration is in even number of OFDM symbols and given by the FCCH Length 
field on the BCH message. The duration of messages sent using the diversity mode 
(e.g., BCH and FCCH messages) is given in even number of OFDM symbols because 
the diversity mode transmits OFDM symbols in pairs, as described below. 

[00102] In an embodiment, the FCCH can be transmitted using four possible rates. The 

specific rate used for the FCCH PDU in each TDD frame is indicated by the FCCH Phy 
Mode field in the BCH message. Each FCCH rate corresponds to a particular code rate 
and a particular modulation scheme and is further associated with a particular 
transmission mode, as shown in Table 26. 

[00103] An FCCH message may include zero, one, or multiple information elements 

(EEs). Each information element may be associated with a specific user terminal and 
may be used to provide information indicative of the assignment of FCH/RCH resources 
for that user terminal. Table 6 lists the various fields for an exemplary FCCH message 
format. 



Table 6 - FCCH Message 



Fields/ 
Parameter Names 


Length 

(bits) 


Description 


NJE 


6 


Number of lEs included in the FCCH message 


NJE information elements, each including: 


IE Type 


4 


IE type 


MAC ID 


10 


ID assigned to the user terminal 


Control Fields 


48 or 72 


Control fields for channel assignment 


Padding Bits 


Variable 


Pad bits to achieve even number of OFDM 
symbols in the FCCH message 
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CRC 


16 


CRC value for the FCCH message 


Tail Bits 


6 


Tail bits for convolutional encoder 



[00104] The NJE field indicates the number of information elements included in the 

FCCH message sent in the current TDD frame. For each information element (IE) 
included in the FCCH message, the IE Type field indicates the particular type of this IE. 
A number of IE types are defined for use to allocate resources for different types of 
transmissions, as described below. 

[00105] The MAC ID field identifies the specific user terminal for which the information 

element is intended. Each user terminal registers with the access point at the start of a 
communication session and is assigned a unique MAC ID by the access point. This 
MAC ID is used to identify the user terminal during the session. 

[00106] The Control Fields are used to convey channel assignment information for the 

user terminal and are described in detail below. The Padding Bits field includes a 
sufficient number of padding bits so that the overall length of the FCCH message is an 
even number of OFDM symbols. The FCCH CRC field includes a CRC value that may 
be used by the user terminals to determine whether the received FCCH message is 
decoded correctly or in error. The Tail Bits field includes zeros used to reset the 
convolutional encoder to a known state at the end of the FCCH message. Some of these 
fields are described in further detail below. 

[00107] A number of transmission modes are supported by the MIMO WLAN system for 

the FCH and RCH, as indicated in Table 1. Moreover, a user terminal may be active or 
idle during a connection. Thus, a number of types of IE are defined for use to allocate 
FCH/RCH resources for different types of transmissions. Table 7 lists an exemplary set 
of IE types. 



Table 7 - FCCH IE Types 



IE Type 


IE Size 

(bits) 


IE Type 


Description 


0 


48 


Diversity Mode 


Diversity mode only 


1 


72 


Spatial Multiplexing 
Mode 


Spatial multiplexing mode - 
variable rate services 


2 


48 


Idle Mode 


Idle state - variable rate services 
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3 


A O 


KACH Acicnowledgment 


RACH acknowledgment - 
diversity mode 


4 




Beam Steering Mode 


Beam steering mode 


5-15 




Reserved 


Reserved for future use 



[00108] For IE types 0, 1 and 4, resources are allocated to a specific user terminal for 

both the FCH and RCH (i.e., in channel pairs). For IE type 2, minimal resources are 
allocated to the user terminal on the FCH and RCH to maintain up-to-date estimate of 
the link. An exemplary format for each IE type is described below. In general, the rates 
and durations for the FCH and RCH can be independently assigned to the user 
terminals. 

A. IE Type 0, 4 - Diversitv/Beam-Steering Mode 
[00109] IE type 0 and 4 are used to allocate FCH/RCH resources for the diversity and 

beam-steering modes, respectively. For fixed low-rate services (e.g., voice), the rate 
remains fixed for the duration of the call. For variable rate services, the rate may be 
selected independently for the FCH and RCH. The FCCH IE indicates the location of 
the FCH and RCH PDUs assigned to the user terminal. Table 8 lists the various fields 
of an exemplary IE Type 0 and 4 information element. 



Table 8 - FCCH IE Type 0 and 4 



Fields/ 
Parameter Names 


Length 

(bits) 


Description 


IE Type 


4 


IE type 


MAC ID 


10 


Temporary ID assigned to the user terminal 


FCH Offset 


9 


FCH offset from start of the TDD frame 
(in OFDM symbols) 


FCH Preamble Type 


2 


FCH preamble size (in OFDM symbols) 


FCH Rate 


4 


Rate for the FCH 


RCH Offset 


9 


RCH offset from start of the TDD frame 
(in OFDM symbols) 


RCH Preamble Type 


2 


RCH preamble size (in OFDM symbols) 


RCH Rate 


4 


Rate for the RCH 


RCH Timing Adjustment 


2 


Timing adjustment parameter for RCH 
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RCH Power Control 



Power control bits for RCH 



[00110] The FCH and RCH Offset fields indicate the time offset from the beginning of 

the current TDD frame to the start of the FCH and RCH PDUs, respectively, assigned 
by the information element. The FCH and RCH Rate fields indicate the rates for the 
FCH and RCH, respectively. 

[00111] The FCH and RCH Preamble Type fields indicate the size of the preamble in the 

FCH and RCH PDUs, respectively. Table 9 lists the values for the FCH and RCH 
Preamble Type fields and the associated preamble sizes. 

Table 9 - Preamble Type 



Type 


Bits 


Preamble Size 


0 


00 


0 OFDM symbol 


1 


01 


1 OFDM symbol 


2 


10 


4 OFDM symbols 


3 


11 


8 OFDM symbols 



[00112] The RCH Timing Adjustment field includes two bits used to adjust the timing of 

the uplink transmission from the user terminal identified by the MAC ID field. This 
timing adjustment is used to reduce interference in a TDD-based frame structure (such 
as the one shown in FIG. 3A) where the downlink and uplink transmissions are time 
division duplexed. Table 10 lists the values for the RCH Timing Adjustment field and 
the associated actions. 

Table 10 - RCH Timing Adjustment 



Bits 


Description 


00 


Maintain current timing 


01 


Advance uplink transmit timing by 1 sample 


10 


Delay uplink transmit timing by 1 sample 


11 


Not used 



[00113] The RCH Power Control field includes two bits used to adjust the transmit 

power of the uplink transmission from the identified user terminal. This power control 
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is used to reduce interference on the uplink. Table 11 lists the values for the RCH 
Power Control field and the associated actions. 



Table 11 - RCH Power Control 



Bits 


Description 


00 


Maintain current transmit power 


01 


Increase uplink transmit power by SdB, where 
<?is a system parameter. 


10 


Decrease uplink transmit power by JdB, 
where Sis a system parameter. 


11 


Not used 



[00114] The channel assignment for the identified user terminal may be provided in 

various manners. In an embodiment, the user terminal is assigned FCH/RCH resources 
for only the current TDD frame. In another embodiment, the FCH/RCH resources are 
assigned to the terminal for each TDD frame until canceled. In yet another 
embodiment, the FCH/RCH resources are assigned to the user terminal for every n-th 
TDD frame, which is referred to as "decimated" scheduling of TDD frames. The 
different types of assignment may be indicated by an Assignment Type field in the 
FCCH information element. 

B. IE Type 1 - Spatial Multiplexing Mode 

[00115] IE type 1 is used to allocate FCH/RCH resources to user terminals using the 

spatial multiplexing mode. The rate for these user terminals is variable, and may be 
selected independently for the FCH and RCH. Table 12 lists the various fields of an 
exemplary IE type 1 information element. 



Table 12 - FCCH IE Type 1 



Fields/ 
Parameter Names 


Length 

(bits) 


Description 


IE Type 


4 


IE type 


MAC ID 


10 


Temporary ID assigned to the user terminal 


FCH Offset 


9 


FCH offset from end of FCCH 
(in OFDM symbols) 


FCH Preamble Type 


2 


FCH preamble size (in OFDM symbols) 
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FCH Spatial Channel 1 Rate 


4 


Rate for the FCH for spatial channel 1 


FCH Spatial Channel 2 Rate 


4 


Rate for the FCH for spatial channel 2 


FCH Spatial Channel 3 Rate 


4 


Rate for the FCH for spatial channel 3 


FCH Spatial Channel 4 Rate 


4 


Rate for the FCH for spatial channel 4 


RCH Offset 


9 


RCH offset from end of FCH 
(in OFDM symbols) 


RCH Preamble Type 


2 


RCH preamble size (in OFDM symbols) 


RCH Spatial Channel 1 Rate 


4 


Rate for the RCH for spatial channel 1 


RCH Spatial Channel 2 Rate 


4 


Rate for the RCH for spatial channel 2 


RCH Spatial Channel 3 Tate 


4 


Rate for the RCH for spatial channel 3 


RCH Spatial Channel 4 Rate 


4 


Rate for the RCH for spatial channel 4 


RCH Timing Adjustment 


2 


Timing adjustment parameter for RCH 


Reserved 


2 


Reserved for future use 



[00116] For IE type 1, the rate for each spatial channel may be selected independently on 

the FCH and RCH. The interpretation of the rates for the spatial multiplexing mode is 
general in that it can specify the rate per spatial channel (e.g., for up to four spatial 
channels for the embodiment shown in Table 12). The rate is given per eigenmode if 
the transmitter performs spatial processing to transmit data on the eigenmodes. The rate 
is given per antenna if the transmitter simply transmits data from the transmit antennas 
and the receiver performs the spatial processing to isolate and recover the data (for the 
non-steered spatial multiplexing mode). 

[00117] The information element includes the rates for all enabled spatial channels and 

zeros for the ones not enabled. User terminals with less than four transmit antennas set 
the unused FCH/RCH Spatial Channel Rate fields to zero. Since the access point is 
equipped with four transmit/receive antennas, user terminals with more than four 
transmit antennas may use them to transmit up to four independent data streams. 
C. IE Type 2 -Idle Mode 

[00118] IE type 2 is used to provide control information for user terminals operating in 

an Idle state (described below). In an embodiment, when a user terminal is in the Idle 
state, steering vectors used by the access point and user terminal for spatial processing 
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are continually updated so that data transmission can start quickly if and when resumed. 
Table 13 lists the various fields of an exemplary IE type 2 information element. 

Table 13 - FCCH IE Type 2 



Fields/ 
Parameter Names 


Length 

(bits) 


Description 


IE Type 


4 


IE type 


MAC ID 


10 


Temporary ID assigned to the user terminal 


FCH Offset 


9 


FCH offset from end of FCCH (in OFDM symbols) 


FCH Preamble Type 


2 


FCH preamble size (in OFDM symbols) 


RCH Offset 


9 


RCH offset from end of FCH (in OFDM symbols) 


RCH Preamble Type 


2 


RCH preamble size (in OFDM symbols) 


Reserved 


12 


Reserved for future use 



D. IE Type 3 - RACH Quick Acknowledgment 
[00119] IE type 3 is used to provide quick acknowledgment for user terminals attempting 

to access the system via the RACH. To gain access to the system or to send a short 
message to the access point, a user terminal may transmit an RACH PDU on the uplink. 
After the user terminal sends the RACH PDU, it monitors the BCH to determine if the 
RACH Acknowledgement Bit is set. This bit is set by the access point if any user 
terminal was successful in accessing the system and an acknowledgment is being sent 
for at least one user terminal on the FCCH. If this bit is set, then the user terminal 
processes the FCCH for acknowledgment sent on the FCCH. IE Type 3 information 
elements are sent if the access point desires to acknowledge that it correctly decoded the 
RACH PDUs from the user terminals without assigning resources. Table 14 lists the 
various fields of an exemplary IE Type 3 information element. 



Table 14 - FCCH IE Type 3 



Fields/ 
Parameter Names 


Length 

(bits) 


Description 


IE Type 


4 


IE type 


MAC ID 


10 


Temporary ID assigned to user terminal 


Reserved 


34 


Reserved for future use 
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[00120] A single or multiple types of acknowledgment may be defined and sent on the 

FCCH. For example, a quick acknowledgment and an assignment-based 
acknowledgment may be defined. A quick acknowledgment may be used to simply 
acknowledge that the RACH PDU has been received by the access point but that no 
FCH/RCH resources have been assigned to the user terminal. An assignment-based 
acknowledgment includes assignments for the FCH and/or RCH for the current TDD 
frame. 

[00121] The FCCH may be implemented in other manners and may also be transmitted 

in various ways. In one embodiment, the FCCH is transmitted at a single rate that is 
signaled in the BCH message. This rate may be selected, for example, based on the 
lowest signal-to-noise-and-interference ratios (SNRs) of all user terminals for which the 
FCCH is being sent in the current TDD frame. Different rates may be used for different 
TDD frames depending on the channel conditions of the recipient user terminals in each 
TDD frame. 

[00122] In another embodiment, the FCCH is implemented with multiple (e.g., four) 

FCCH subchannels. Each FCCH subchannel is transmitted at a different rate and is 
. associated with a different required SNR in order to recover the subchannel. The FCCH 
subchannels are transmitted in order from lowest rate to highest rate. Each FCCH 
subchannel may or may not be transmitted in a given TDD frame. The first FCCH 
subchannel (with the lowest rate) is transmitted first and can be received by all user 
terminals. This FCCH subchannel can indicate whether or not each of the remaining 
FCCH subchannels will be transmitted in the current TDD frame. Each user terminal 
can process the transmitted FCCH subchannels to obtain its FCCH information element. 
Each user terminal can terminate processing of the FCCH if any of the following 
occurs: (1) failure to decode the current FCCH subchannel, (2) reception of its FCCH 
information element in the current FCCH subchannel, or (3) all transmitted FCCH 
subchannels have been processed. A user terminal can terminate processing of the 
FCCH as soon as it encounters FCCH decoding failure because the FCCH subchannels 
are transmitted at ascending rates and the user terminal is unlikely to be able to decode 
subsequent FCCH subchannels transmitted at higher rates. 
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3. Random Access Channel (RACH) - Uplink 

[00123] The RACH is used by the user terminals to gain access to the system and to send 
short messages to the access point. The operation of the RACH is based on a slotted 
Aloha random access protocol, which is described below. 

[00124] FIG. 5C illustrates an embodiment of RACH PDU 450. In this embodiment, the 

RACH PDU includes a preamble portion 552 and a message portion 554. Preamble 
portion 552 may be used to send a steered reference (i.e., a steered pilot), if the user 
terminal is equipped with multiple antennas. The steered reference is a pilot comprised 
of a specific set of modulation symbols that is subjected to spatial processing prior to 
transmission on the uplink. The spatial processing allows the pilot to be transmitted on 
a specific eigenmode of the MIMO channel. The processing for the steered reference is 
described in further detail below. Preamble portion 552 has a fixed duration of at least 
2 OFDM symbols. Message portion 554 carries an RACH message and has a variable 
duration. The duration of the RACH PDU is thus variable. 

[00125] In an embodiment, four different rates are supported for the RACH. The 

specific rate used for each RACH message is indicated by a 2-bit RACH data rate 
indicator (DRI), which is embedded in the preamble portion of the RACH PDU, as 
shown in FIG. 5C. In an embodiment, four different message sizes are also supported 
for the RACH. The size of each RACH message is indicated by a Message Duration 
field included in the RACH message. Each RACH rate supports 1, 2, 3 or all 4 message 
sizes. Table 15 lists the four RACH rates, their associated coding and modulation 
parameters, and the message sizes supported by these RACH rates. 



Table 15 



RACH Rates 


RACH Message Sizes 

(in bits and OFDM symbols) 


bps/Hz 


Code 
Rate 


Modulation 


DRI 


96 bits 


192 bits 


384 bits 


768 bits 


0.25 


0.25 


BPSK 


(1,1) 


8 


n/a 


n/a 


n/a 


0.5 


0.5 


BPSK 


(1,-1) 


V 4 , : 


8 


n/a 


n/a 


1 


0.5 


QPSK 


(-1, 1) 


2. 


4 


8 


n/a 


2 


0.5 


16 QAM 


(-1,-1) 


1 


2 


4 


8 
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[00126] The RACH message carries short messages and access requests from the user 
terminal. Table 16 lists the various fields of an exemplary RACH message format and 
the size of each field for each of the four different message sizes. 

Table 16 



Fields/ 
Parameter Names 


RACH Message Sizes 


Description ! 


96 bits 


192 bits 


384 bits 


768 bits 


Message Duration 


2 


2 


2 


2 


Duration of message 


MAC PDU Type 


4 


4 


4 


4 


RACH message type 


MAC ID 


10 


10 


10 


10 


MAC ID 


Slot ID 


6 


6 


6 


6 


Tx Slot ID 


Payload 


44 


140 


332 


716 


Info bits 


CRC 


24 


24 


24 


24 


CRC value for the 
RACH message 


Tail Bits 


6 


6 


6 


6 


Tail bits 



[00127] The Message Duration field indicates the size of the RACH message. The MAC 

PDU Type field indicates the RACH message type. The MAC ID field contains the 
MAC ID that uniquely identifies the user terminal sending the RACH message. During 
initial system access, a unique MAC ID has not been assigned to the user terminal. In 
this case, a registration MAC ID (e.g., a specific value reserved for registration purpose) 
may be included in the MAC ID field. The Slot ID field indicates the starting RACH 
slot on which the RACH PDU was sent (the RACH timing and transmission is 
described below). The Payload field includes the information bits for the RACH 
message. The CRC field contains a CRC value for the RACH message, and the Tail 
Bits field is used to reset the convolutional encoder for the RACH. The operation of the 
RACH in conjunction with the BCH and FCCH for system access is described in further 
detail below. 

[00128] The RACH may also be implemented with a "fast" RACH (F-RACH) and a 
"slow" RACH (S-RACH). The F-RACH and S-RACH can be designed to efficiently 
support user terminals in different operating states. For example, the F-RACH may be 
used by user terminals that (1) have registered with the system, (2) can compensate for 
their round trip delays (RTDs) by properly advancing their transmit timing, and (3) 



WO 2004/039011 



PCT/US2003/034514 



32 

achieve the required SNR for operation on the F-RACH. The S-RACH may be used by 
user terminals that cannot use the F-RACH for any reasons. 
[00129] Different designs may be used for the F-RACH and S-RACH to facilitate rapid 

access to the system whenever possible and to minimize the amount of system resources 
needed to implement random access. For example, the F-RACH can use a shorter PDU, 
employ a weaker coding scheme, require F-RACH PDUs to arrive approximately time- 
aligned at the access point, and utilize a slotted Aloha random access scheme. The S- 
RACH can use a longer PDU, employ a stronger coding scheme, allow S-RACH PDUs 
to arrive non-aligned in time at the access point, and utilize an unslotted Aloha random 
access scheme. 

[00130] For simplicity, the following description assumes that a single RACH is used for 

the MMO WLAN system. 

4. Forward Channel (FCH) - Downlink 

[00131] The FCH is used by the access point to transmit user-specific data to specific 

user terminals and page/broadcast messages to multiple user terminals. The FCH may 
also be used to transmit pilot to user terminals. The FCH can be allocated on a per 
frame basis. A number of FCH PDU types are provided to accommodate different uses 
of the FCH. Table 17 lists an exemplary set of FCH PDU types. 



Table 17 - FCH PDU Types 



Code 


FCH PDU Type 


Description 


0 


Message Only 


FCH broadcast/page service/user message 


1 


Message and Preamble 


FCH user message 


2 


Preamble Only 


FCH Idle state 



[00132] FCH PDU Type 0 is used to send page/broadcast messages and user 

messages/packets on the FCH and only includes the message/packet. (Data for a 
specific user terminal may be sent as a message or a packet, and these two terms are 
used interchangeably herein.) FCH PDU Type 1 is used to send user packets and 
includes a preamble. FCH PDU Type 2 includes only the preamble and no 
message/packet, and is associated with Idle state FCH traffic. 

[00133] FIG. 5D illustrates an embodiment of an FCH PDU 430a for FCH PDU Type 0. 

In this embodiment, FCH PDU 430a includes only a message portion 534a for a 
page/broadcast message or a user packet. The message/packet can have variable length, 
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which is given by the FCH Message Length field in the FCH PDU. The message length 
is given in integer number of PHY frames (described below). The rate and transmission 
mode for the page/broadcast message are specified and described below. The rate and 
transmission mode for the user packet are specified in the associated FCCH information 
element. 

[00134] FIG. 5E illustrates an embodiment of an FCH PDU 430b for FCH PDU Type 1. 

In this embodiment, FCH PDU 430b includes a preamble portion 532b and a 
message/packet portion 534b. Preamble portion 532b is used to send a MIMO pilot or a 
steered reference and has a variable length, which is given by the FCH Preamble Type 
field in the associated FCCH information element. Portion 534b is used to send an FCH 
packet and also has a variable length (in integer number of PHY frames), which is given 
by the FCH Message Length field in the FCH PDU. The FCH packet is sent using the 
rate and transmission mode specified by the associated FCCH information element. 

[00135] FIG. 5F illustrates an embodiment of an FCH PDU 430c for FCH PDU Type 2. 

In this embodiment, FCH PDU 430c includes only a preamble portion 532c and no 
message portion. The length of the preamble portion is indicated by the FCCH IE. The 
FCH PDU Type 2 may be used to allow the user terminal to update its channel estimate 
while in the Idle state. 

[00136] A number of FCH Message types are provided to accommodate different uses of 

the FCH. Table 18 lists an exemplary set of FCH Message types. 



Table 18 - FCH Message Types 



Code 


FCH Message Type 


Description 


0 


Page Message 


Page message - diversity mode, rate = 0.25 bps/Hz 


1 


Broadcast Message 


Broadcast message - diversity mode, rate = 0.25 
bps/Hz 


2 


User Packet 


Dedicated channel operation - user terminal j 
specific PDU, rate specified in the FCCH 


3-15 


Reserved 


Reserved for future use 



[00137] A page message may be used to page multiple user terminals and is sent using 

FCH PDU Type 0. If the Page Bit in the BCH message is set, then one or more FCH 
PDUs with page messages (or "Page PDUs") are sent first on the FCH. Multiple Page 
PDUs may be sent in the same frame. Page PDUs are transmitted using the diversity 
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mode and the lowest rate of 0.25 bps/Hz to increase the likelihood of correct reception 
by the user terminals. 

[00138] A broadcast message may be used to send information to multiple user terminals 

and is sent using FCH PDU Type 0. If the Broadcast Bit in the BCH message is set, 
then one or more FCH PDUs with broadcast messages (or "Broadcast PDUs") are sent 
on the FCH immediately following any Page PDUs sent on the FCH. The Broadcast 
PDUs are also transmitted using the diversity mode and the lowest rate of 0.25 bps/Hz 
to increase the likelihood of correct reception. 

[00139] A user packet may be used to send user-specific data, and may be sent using 

FCH PDU Type 1 or 2. User PDUs of Type 1 and 2 are sent on the FCH following any 
Page and Broadcast PDUs sent on the FCH. Each User PDU may be transmitted using 
the diversity, beam-steering, or spatial multiplexing mode. The FCCH information 
, element specifies the rate and transmission mode used for each User PDU sent on the 
FCH. 

[00140] A message or packet sent on the FCH comprises an integer number of PHY 

frames. In an embodiment and as described below, each PHY frame may include a 
CRC value that permits individual PHY frames in an FCH PDU to be checked and 
retransmitted if necessary. For asynchronous services, the RLP may be employed for 
segmentation, retransmission, and reassembly of PHY frames within a given FCH PDU. 
In another embodiment, a CRC value is provided for each message or packet, instead of 
each PHY frame. 

[00141] FIG. 6 illustrates an embodiment of the structure for an FCH packet 534. The 

FCH packet comprises an integer number of PHY frames 610. Each PHY frame 
includes a payload field 622, a CRC field 624, and a tail bit field 626. The first PHY 
frame for the FCH packet further includes a header field 620, which indicates the 
message type and duration. The last PHY frame in the FCH packet further includes a 
pad bit field 628, which contains zero padding bits at the end of the payload in order to 
fill the last PHY frame. In an embodiment, each PHY frame comprises 6 OFDM 
symbols. The number of bits included in each PHY frame is dependent on the rate used 
for that PHY frame. 

[00142] Table 19 lists the various fields for an exemplary FCH PDU format for FCH 

PDU Types 0 and 1. 

Table 19 - FCH PDU Format 
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Fields/ 
Parameter Names 


Length 

(bits) 


Description 


First 

PHY frame 


FCH Message Type 


4 


FCH message type 


FCH Message Length 


16 


Number of bytes in FCH PDU 


Payload 


Variable 


Payload bits 


CRC 


16 


CRC value for PHY frame (optional) 


Tail Bits 


6 


Tail bits for convolutional encoder 


Each 
Middle 
PHY frame 


Payload 


Variable 


Payload bits 


CRC 


16 


CRC value for PHY frame (optional) 


Tail Bits 


6 


Tail bits for convolutional encoder 


Last 

PHY frame 


Payload 


Variable 


Payload bits 


Pad bits 


Variable 


Pad bits to fill out PHY frame 


CRC 


16 


CRC value for PHY frame (optional) 


Tail Bits 


6 


Tail bits for convolutional encoder 



The FCH Message Type and FCH Message Length fields are sent in the header of the 
first PHY frame of the FCH PDU. The payload, CRC, and tail bits fields are included 
in each PHY frame. The payload portion of each FCH PDU carries the information bits 
for the page/broadcast message or user-specific packet. Pad bits are used to fill the last 
PHY frame of the FCH PDU, if required. 

[00143] A PHY frame may also be defined to comprise some other number of OFDM 

symbols (e.g., one, two, four, eight, and so on). The PHY frame may be defined with 
even number of OFDM symbols because OFDM symbols are transmitted in pairs for 
the diversity mode, which may be used for the FCH and RCH. The PHY frame size 
may be selected based on the expected traffic such that inefficiency is minimized. In 
particular, if the frame size is too large, then inefficiency results from using a large PHY 
frame to send a small amount of data. Alternatively, if the frame size is too small, then 
the overhead represents a larger fraction of the frame. 
5. Reverse Channel (RCH) - Uplink 

[00144] The RCH is used by the user terminals to transmit uplink data and pilot to the 

access point. The RCH may be allocated on a per TDD frame basis. One or more user 
terminals may be designated to transmit on the RCH in any given TDD frame. A 
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number of RCH PDU types are provided to accommodate different operating modes on 
the RCH. Table 20 lists an exemplary set of RCH PDU types. 

Table 20 - RCH PDU Types 



Code 


RCH PDU Type 


Description 


0 


Message Only 


RCH user message, no preamble 


1 


Message and Preamble, not Idle 


RCH user message, with preamble 


2 


Message and Preamble, Idle 


RCH Idle state message with preamble 



[00145] RCH PDU Type 0 is used to send a message/packet on the RCH and does not 

include a preamble. RCH PDU Type 1 is used to send a message/packet and includes a 
preamble. RCH PDU Type 2 includes a preamble and a short message, and is 
associated with Idle state RCH traffic. 

[00146] FIG. 5D illustrates an embodiment of an RCH PDU for RCH PDU Type 0. In 

this embodiment, the RCH PDU includes only a message portion 534a for a variable- 
length RCH packet, which is given in integer number of PHY frames by the RCH 
Message Length field in the RCH PDU. The rate and transmission mode for the RCH 
packet are specified in the associated FCCH information element. 

[00147] FIG. 5E illustrates an embodiment of an RCH PDU for RCH PDU Type 1. In 

this embodiment, the RCH PDU includes a preamble portion 532b and a packet portion 
534b. Preamble portion 532b is used to send a reference (e.g., a MIMO pilot or a 
steered reference) and has a variable length, which is given by the RCH Preamble Type 
field in the associated FCCH information element. Portion 534b is used to send an 
RCH packet and also has a variable length, which is given by the RCH Message Length 
field in the RCH PDU. The RCH packet is sent using the rate and transmission mode 
specified in the associated FCCH information element. 

[00148] FIG. 5G illustrates an embodiment of an RCH PDU 350d for RCH PDU Type 

2. In this embodiment, the RCH PDU includes a preamble portion 532d and a message 
portion 536d. Preamble portion 532d is used to send a reference and has a length of 1, 4 
or 8 OFDM symbols. Portion 536d is used to send a short RCH message and has a 
fixed length of one OFDM symbol. The short RCH message is sent using a specific rate 
and transmission mode (e.g., rate 1/2 or rate 1/4 and BPSK modulation). 

[00149] A packet sent on the RCH (for PDU Types 0 and 1) comprises an integer 

number of PHY frames. The structure for an RCH packet (for PDU Types 0 and 1) is 
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shown in FIG. 6, and is the same as for the FCH packet. The RCH packet comprises an 
integer number of PHY frames 610. Each PHY frame includes payload field 622, an 
optional CRC field 624, and tail bit field 626. The first PHY frame in the RCH packet 
further includes header field 620, and the last PHY frame in the packet further includes 
pad bit field 628. 

[00150] Table 21 lists the various fields for an exemplary RCH PDU format for RCH 

PDU Types 0 and 1. 



Table 21 - RCH PDU Format (PDU Types 0 and 1) 





Fields/ 
Parameter Names 


Length 

(bits) 


Description 


PHY frame 


RCH Message Type 


4 


RCH message type 


RCH Message Length 


16 


Number of bytes in RCH PDU 


FCH R ate Indicator 


16 


Indicate maximum rate for each 
spatial channel on FCH 


Payload 


Variable 


Payload bits 


CRC 


16 


CRC value for PHY frame (optional) 


Tail Bits 


6 


Tail bits for convolutional encoder 


Each 
Middle 
PHY frame 


Payload 


Variable 


Payload bits 


CRC 


16 


CRC value for PHY frame (optional) 


Tail Bits 


6 


Tail bits for convolutional encoder 


Last 

PHY frame 


Payload 


Variable 


Payload bits 


Pad bits 


Variable 


Pad bits to fill out PHY frame 


CRC 


16 


CRC value for PHY frame (optional) 


Tail Bits 


6 


Tail bits for convolutional encoder 



The RCH Message Type, RCH Message Length, and FCH Rate Indicator fields are sent 
in the header of the first PHY frame of the RCH PDU. The FCH Rate Indicator field is 
used to convey FCH rate information (e.g., the maximum rates supported by each of the 
spatial channels) to the access point. 
[00151] Table 22 lists the various fields for an exemplary RCH PDU format for RCH 
PDU Type 2. 

Table 22 - RCH Message for RCH PDU Type 2 
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Fields/ 
Parameter Names 


Length 

(bits) 


Description 


FCH Rate Indicator 


16 


Indicate maximum rate for each spatial channel 
on FCH 


RCH Request 


1 


*r t ■ ■ i - j ill*** "iij 

User terminal request to send additional data 


Reserved 


1 


Reserved for future use 


Tail Bits 


6 


Tail bits for convolutional encoder 



The RCH Request field is used by the user terminal to request additional capacity on the 
uplink. This short RCH message does not include a CRC and is transmitted in a single 
OFDM symbol. 

6. Dedicated Channel Activity 

[00152] Data transmission on the FCH and RCH can occur independently. Depending 

on the transmission modes selected for use for the FCH and RCH, one or multiple 
spatial channels (for the beam-steering and diversity modes) may be active and used for 
data transmission for each dedicated transport channel. Each spatial channel may be 
associated with a specific rate. 

[00153] When only the FCH or only the RCH has all four rates set to zero, the user 

terminal is idle on that link. The idle terminal still transmits an idle PDU on the RCH. 
When both the FCH and RCH have all four rates set to zero, both the access point and 
user terminal are off and not transmitting. User terminals with less than four transmit 
antennas set the unused rate fields to zero. User terminals with more than four transmit 
antennas use no more than four spatial channels to transmit data. Table 23 shows the 
transmission state and channel activity when the rates on all four spatial channels of 
either the FCH or RCH (or both) are set to zero. 



Table 23 



FCH Rates 


RCH Rates 


Channel Activity 


Transmission 
State 


At least one rate on 
FCH*0 


At least one rate on 
RCH*0 


FCH and RCH are 
active 


FCH and/or 

RCH are 
transmitting 


At least one rate on 
FCH ^0 


All rates on RCH = 0 


FCH active, RCH 
idle 
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All rates on FCH = 0 


At least one rate on 
RCH*0 


FCH idle, RCH 
active 




All rates on FCH = 0 


All rates on RCH = 0 


FCH and RCH are 
OFF 


No 

transmissions 



[00154] There may also be a situation where both the RCH and FCH are idle (i.e., not 
transmitting data) but still transmitting preamble. This is referred to as the Idle state. 
The control fields used to support a user terminal in the Idle state are provided in an 
FCCH IE Type 2 information element, which is shown in Table 13. 
7. Alternative Designs 

[00155] , For clarity, specific PDU types, PDU structures, message formats, and so on, 
have been described for an exemplary design. Fewer, additional, and/or different types, 
structures, and formats may also be defined for use, and this is within the scope of the 
invention. 

III. OFDM Subband Structures 

[00156] In the above description, the same OFDM subband structure is used for all of the 

transport channels. Improved efficiency may be achieved by using different OFDM 
subband structures for different transport channels. For example, a 64-subband 
structure may be used for some transport channels, a 256-subband structure may be used 
for some other transport channels, and so on. Moreover, multiple OFDM subband 
structures may be used for a given transport channel. 

[00157] For a given system bandwidth of W, the duration of an OFDM symbol is 

dependent on the number of total subbands. If the total number of subbands is N, then 
the duration of each transformed symbol (without a cyclic prefix) is N/W jusec (if W is 
given in MHz). A cyclic prefix is added to each transformed symbol to form a 
corresponding OFDM symbol. The length of the cyclic prefix is determined by the 
expected delay spread of the system. The cyclic prefix represents overhead, which is 
needed for each OFDM symbol in order to combat a frequency selective channel. This 
overhead represents a larger percentage of the OFDM symbol if the symbol is short and 
a smaller percentage if the symbol is long. 

[00158] Since different transport channels may be associated with different types of 

traffic data, a suitable OFDM subband structure may be selected for use for each 
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transport channel to match the expected traffic data type. If a large amount of data is 
expected to be transmitted on a given transport channel, then a larger subband structure 
may be defined for use for the transport channel. In this case, the cyclic prefix would 
represent a smaller percentage of the OFDM symbol and greater efficiency may be 
achieved. Conversely, if a small amount of data is expected to be transmitted on a given 
transport channel, than a smaller subband structure may be defined for use for the 
transport channel. In this case, even though the cyclic prefix represents a larger 
percentage of the OFDM symbol, greater efficiency may still be achieved by reducing 
the amount of excess capacity by using a smaller size OFDM symbol. The OFDM 
symbol may thus be viewed as a "box car" that is used to send data, and the proper size 
"box car" may be selected for each transport channel depending on the amount of data 
expected to be sent. 

[00159] For example, for the embodiment described above, the data on the FCH and 

RCH is sent in PHY frames, each of which comprises 6 OFDM symbols. In this case, 
another OFDM structure may be defined for use for the FCH and RCH. For example, a 
256-subband structure may be defined for the FCH and RCH. A "large" OFDM symbol 
for the 256-subband structure would be approximately four times the duration of a 
"small" OFDM symbol for the 64-subband structure but would have four times the data- 
carrying capacity. However, only one cyclic prefix is needed for one large OFDM 
symbol, whereas four cyclic prefixes are needed for the equivalent four small OFDM 
symbols. Thus, the amount of overhead for the cyclic prefixes may be reduced by 75% 
by the use of the larger 256-subband structure. 

[00160] This concept may be extended so that different OFDM subband structures may 

be used for the same transport channel. For example, the RCH supports different PDU 
types, each of which may be associated with a certain size. In this case, a larger 
subband structure may be used for a larger-size RCH PDU type, and a smaller subband 
structure may be used for a smaller-size RCH PDU type. A combination of different 
subband structures may also be used for a given PDU. For example, if one long OFDM 
symbol is equivalent to four short OFDM symbols, then a PDU may be sent using N ]a rge 
large OFDM symbols and N smaU small OFDM symbols, where >0 and 
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[00161] Different OFDM subband structures are associated with OFDM symbols of 

different lengths. Thus, if different OFDM subband structures are used for different 
transport channels (and/or for the same transport channel), then the FCH and RCH 
offsets for the FCH and RCH PDUs would need to be specified with the proper time 
resolution, which is smaller than an OFDM symbol period. In particular, the time 
increment for the FCH and RCH PDUs may be given in integer numbers of cyclic 
prefix length, instead of OFDM symbol period. 
IV. Rates and Transmission Modes 

[00162] The transport channels described above are used to send various types of data 

for various services and functions. Each transport channel may be designed to support 
one or more rates and one or more transmission modes. 
1. Transmission Modes 

[00163] A number of transmission modes are supported for the transport channels. Each 

transmission mode is associated with specific spatial processing at the transmitter and 
receiver, as described below. Table 24 lists the transmission mode(s) supported by each 
of the transport channels. 



Table 24 



Transport 
Channels 


Transmission Modes 


SIMO 


Tx 
Diversity 


Beam- 
Steering 


Spatial 
Multiplexing 


BCH 




X 






FCCH 




X 






RACH 


X 




X 




FCH 




X 


X 


X 


RCH 


X 


X 


X 


X 



For the diversity mode, each data symbol is transmitted redundantly over multiple 
transmit antennas, multiple subbands, multiple symbol periods, or a combination thereof 
to achieve spatial, frequency, and/or time diversity. For the beam-steering mode, a 
single spatial channel is used for data transmission (typically the best spatial channel), 
and each data symbol is transmitted on the single spatial channel using full transmit 
power available for the transmit antennas. For the spatial multiplexing mode, multiple 
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spatial channels are used for data transmission, and each data symbol is transmitted on 
one spatial channel, where a spatial channel may correspond to an eigenmode, a 
transmit antenna, and so on. The beam-steering mode may be viewed as a special case 
of the spatial multiplexing mode whereby only one spatial channel is used for data 
transmission. 

[00164] The diversity mode may be used for the common transport channels (BCH and 

FCCH) for the downlink from the access point to the user terminals. The diversity 
mode may also be used for the dedicated transport channels (FCH and RCH). The use 
of the diversity mode on the FCH and RCH may be negotiated at call setup. The 
diversity mode transmits data on one "spatial mode" using a pair of antennas for each 
subband. 

[00165] The beam-steering mode may be employed on the RACH by user terminals with 

multiple transmit antennas. A user terminal can estimate the MIMO channel based on 
the MEMO pilot sent on the BCH. This channel estimate may then be used to perform 
beam-steering on the RACH for system accesses. The beam-steering mode may also be 
used for the dedicated transport channels (FCH and RCH). The beam-steering mode 
may be able to achieve higher received signal-to-noise-and-interference ratio (SNR) at 
the receiver than the diversity mode by exploiting the gain of the antenna array at the 
transmitter. In addition, the preamble portion of the PDU may be reduced since the 
steered reference only includes symbols for a single "steered" antenna. The diversity 
mode may also be used for the RACH. 

[00166] The spatial multiplexing mode may be used for the FCH and RCH to achieve 

greater throughput, when supported by the channel conditions. The spatial multiplexing 
and beam-steering modes are reference driven and require closed-loop control for 
proper operation. As such, a user terminal is allocated resources on both the FCH and 
RCH to support the spatial multiplexing mode. Up to four spatial channels may be 
supported on the FCH and RCH (limited by the number of antennas at the access point). 
2. Coding and Modulation 

[00167] A number of different rates are supported for the transport channels. Each rate 

is associated with a particular code rate and a particular modulation scheme, which 
collectively results in a particular spectral efficiency (or data rate). Table 25 lists the 
various rates supported by the system. 

Table 25 
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Rate 
Word 


Spectral 
Efficiency 

(bps/Hz) 


Code 
Rate 


Modulation 
Scheme 


Info bits/ 
OFDM 
symbol 


Code bits/ 
OFDM 
symbol 


0000 


0.0 


_ 


off 


_ 




0001 


0.25 


1/4 


BPSK 


12 


48 


0010 


0.5 


1/2 


BPSK 


24 


48 


0011 


1.0 


1/2 


QPSK 


48 


96 


0100 


1.5 


3/4 


QPSK 


72 


96 


0101 


2.0 


1/2 


16 QAM 


96 


192 


0110 


2.5 


5/8 


16 QAM 


120 


192 


0111 


3.0 


3/4 


16 QAM 


144 


192 


1000 


3.5 


7/12 


64 QAM 


168 


288 


1001 


4.0 


2/3 


64 QAM 


192 


288 


1010 


4.5 


3/4 


64 QAM 


216 


288 


1011 


5.0 


5/6 


64 QAM 


240 


288 


1100 


5.5 


11/16 


256 QAM 


264 


384 


1101 


6.0 


3/4 


256 QAM 


288 


384 


1110 


6.5 


13/16 


256 QAM 


312 


384 


1111 


7.0 


7/8 


256 QAM 


336 


384 



[00168] Each common transport channel supports one or more rates and one 

transmission mode (or possibly more, as may be the case for the RACH). The BCH is 
transmitted at a fixed rate using the diversity mode. The FCCH may be transmitted at 
one of four possible rates, as indicated by the FCCH Phy Mode field in the BCH 
message, using the diversity mode. In one embodiment, the RACH may be transmitted 
at one of four possible rates, as indicated by the RACH DRI embedded in the preamble 
of the RACH PDU, and each RACH message is one of four possible sizes. In another 
embodiment, the RACH is transmitted at a single rate. Table 26 lists the coding, 
modulation, and transmission parameters and the message sizes supported by each 
common transport channel. 



Table 26 - Parameters for Common Transport Channels 













Message Size 
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Transport 
Channel 


Spectral 
Efficiency 

(bps/Hz) 


Code 
Rate 


Modulation 
Scheme 


Transmission 
Mode 


Message Size 


Trfieport 


StfeeM 


Qide 


McHBSKion 


TrM«Biiss&jron 


120 


10 
OFDM 


Clfraenfcl 


EffSteMicy 


Rale 


SSBSfie 


DMedky 


vabfable 


variable 
symbols 


u 


(bp3/Hz) 


1/2 


BPSK 


Diversity 


variable i 


variable 


u 


1.0 


1/2 


QPSK 


Diversity 


variable 


variable 


u 


2.0 


1/2 


16 QAM 


Diversity 


variable 


variable 


RACH 


0.25 


1/4 


BPSK 


Beam-Steering 


96 


8 


u 


0.5 


1/2 


BPSK 


Beam-Steering 


96, 192 


4,8 


cc 


1.0 


1/2 


QPSK 


Beam-Steering 


96, 192, 
384 


2,4,8 


IC 


2.0 


1/2 


16 QAM 


Beam-Steering 


96, 192, 
384, 768 


1,2, 4,8 



The FCCH message is variable in size and given in even number of OFDM symbols. 
[00169] The FCH and RCH support all of the rates listed in Table 25. Table 27 lists the 

coding, modulation, and transmission parameters and the message sizes supported by 



the FCH and RCH. 

Table 27 - Parameters for FCH and RCH 













PHY Frame Size 


code 
bits 


mod 
symbols 


OFDM 
symbols 


0.25 A 


1/4 


BPSK 


72 


72 


144 


288 


6 


0.5 


1/2 


BPSK 


144 


144 


288 


288 


6 


1.0 


1/2 


QPSK 


288 


288 


576 


288 


6 


1.5 


3/4 


QPSK 


432 


144 


576 


288 


6 


2.0 


1/2 


16 QAM 


576 


576 


1152 


288 


6 


2.5 


5/8 


16 QAM 


720 


432 


1152 


288 


6 


3.0 


3/4 


16 QAM 


864 


288 


1152 


288 


6 


3.5 


7/12 


64 QAM 


1008 


720 


1728 


288 


6 



WO 2004/039011 



PCT/US2003/034514 



45 



4.0 


2/3 


64 QAM 


1152 


576 


1728 


288 


6 


4.5 


3/4 


64 QAM 


1296 


432 


1728 


288 


6 


5.0 


5/6 


64 QAM 


1440 


288 


1728 


288 


6 


5.5 


11/16 


256 QAM 


1584 


720 


2304 


288 


6 


6.0 


3/4 


256 QAM 


1728 


576 


2304 


288 


6 


6.5 


13/16 


256 QAM 


1872 


432 


2304 


288 


6 


7.0 


7/8 


256 QAM 


2016 


288 


2304 


288 


6 



Note A: each rate 1/2 code bit is repeated on two subbands to obtain an effective code 
rate of 1/4. The parity bits represent redundancy bits introduced by the coding and are 
used for error correction by the receiver. 

[00170] The PHY frame size in Table 27 indicates the number of code bits, modulation 

symbols, and OFDM symbols for each PHY frame. If 48 data subbands are used for 
data transmission, then each OFDM symbol includes 48 modulation symbols. For the 
diversity and beam-steering modes, one symbol stream is transmitted and the PHY 
frame size corresponds to the single rate employed for this symbol stream. For the 
spatial multiplexing mode, multiple symbol streams may be sent on multiple spatial 
channels, and the overall PHY frame size is determined by the sum of the PHY frame 
sizes for the individual spatial channels. The PHY frame size for each spatial channel is 
determined by the rate employed for that spatial channel. 

[00171] As an example, suppose the MIMO channel is capable of supporting four spatial 

channels operating at spectral efficiencies of 0.5, 1.5, 4.5, and 5.5 bps/Hz. The four 
rates selected for the four spatial channels would then be as shown in Table 28. 



Table 28 - Example Spatial Multiplexing Transmission 



Spatial 
channel 
Index 


Spectral 
Efficiency 

(bps/Hz) 


Code 
Rate 


Modulation 
Scheme 


Payload 

(bits/ 
PHY 
frame) 


PHY Frame Size 


code 
bits 


mod 
symbols 


OFDM 
symbols 


1 


0.5 


1/2 


BPSK 


144 


288 


288 


6 


2 


1.5 


3/4 


QPSK 


432 


576 


288 


6 


3 


4.5 


3/4 


64 QAM 


1296 


1728 


288 


6 


4 


5.5 


11/16 


256 QAM 


1584 


2304 


288 


6 
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The overall PHY frame size is then 144 + 432 + 1296 + 1584 = 3456 information bits or 
288 + 576 + 1728 + 2304 = 4896 code bits. Even though each of the four spatial 
channels supports a different number of payload bits, the overall PHY frame can be 
transmitted in 6 OFDM symbols (e.g., 24 (Lisec, assuming 4 ^sec/OFDM symbol). 
V. Physical Layer Processing 

[00172] FIG. 7 shows a block diagram of an embodiment of an access point HOx and 
two user terminals 120x and 120y within the MEVTO WLAN system. 

[00173] On the downlink, at access point HOx, a transmit (TX) data processor 710 

receives traffic data (i.e., information bits) from a data source 708 and signaling and 
other information from a controller 730 and possibly a scheduler 734. These various 
types of data may be sent on different transport channels. TX data processor 710 
"frames" the data (if necessary), scrambles the framed/unframed data, encodes the 
scrambled data, interleaves (i.e., reorders) the coded data, and maps the interleaved data 
into modulation symbols. For simplicity, a "data symbol" refers to a modulation 
symbol for traffic data, and a "pilot symbol" refers to a modulation symbol for pilot. 
The scrambling randomizes the data bits. The encoding increases the reliability of the 
data transmission. The interleaving provides time, frequency, and/or spatial diversity 
for the code bits. The scrambling, coding, and modulation may be performed based on 
control signals provided by controller 730 and are described in further detail below. TX 
data processor 710 provides a stream of modulation symbols for each spatial channel 
used for data transmission. 

[00174] A TX spatial processor 720 receives one or more modulation symbol streams 

from TX data processor 710 and performs spatial processing on the modulation symbols 
to provide four streams of transmit symbols, one stream for each transmit antenna. The 
spatial processing is described in further detail below. 

[00175] Each modulator (MOD) 722 receives and processes a respective transmit symbol 
stream to provide a corresponding stream of OFDM symbols. Each OFDM symbol 
stream is further processed to provide a corresponding downlink modulated signal. The 
four downlink modulated signals from modulator 722a through 722d are then 
transmitted from four antennas 724a through 724d, respectively. 

[00176] At each user terminal 120, one or multiple antennas 752 receive the transmitted 

downlink modulated signals, and each receive antenna provides a received signal to a 
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respective demodulator (DEMOD) 754. Each demodulator 754 performs processing 
complementary to that performed at modulator 722 and provides received symbols. A 
receive (RX) spatial processor 760 then performs spatial processing on the received 
symbols from all demodulators 754 to provide recovered symbols, which are estimates 
of the modulation symbols sent by the access point. 

[00177] An RX data processor 770 receives and demultiplexes the recovered symbols 

into their respective transport channels. The recovered symbols for each transport 
channel may be symbol demapped, deinterleaved, decoded, and descrambled to provide 
decoded data for that transport channel. The decoded data for each transport channel 
may include recovered packet data, messages, signaling, and so on, which are provided 
to a data sink 772 for storage and/or a controller 780 for further processing. 

[00178] The processing by access point 110 and terminal 120 for the downlink is 

described in further detail below. The processing for the uplink may be the same or 
different from the processing for the downlink. 

[00179] For the downlink, at each active user terminal 120, RX spatial processor 760 

further estimates the downlink to obtain channel state information (CSI). The CSI may 
include channel response estimates, received SNRs, and so on. RX data processor 770 
may also provide the status of each packet/frame received on the downlink. A 
controller 780 receives the channel state information and the packet/frame status and 
determines the feedback information to be sent back to the access point. The feedback 
information is processed by a TX data processor 790 and a TX spatial processor 792 (if 
present), conditioned by one or more modulators 754, and transmitted via one or more 
antennas 752 back to the access point. 

[00180] At access point 110, the transmitted uplink signal(s) are received by antennas 

724, demodulated by demodulators 722, and processed by an RX spatial processor 740 
and an RX data processor 742 in a complementary manner to that performed at the user 
terminal. The recovered feedback infonnation is then provided to controller 730 and a 
scheduler 734. 

[00181] Scheduler 734 uses the feedback infonnation to perform a number of functions 

such as (1) selecting a set of user terminals for data transmission on the downlink and 
uplink, (2) selecting the transmission rate(s) and the transmission mode for each 
selected user terminal, and (3) assigning the available FCH/RCH resources to the 
selected terminals. Scheduler 734 and/or controller 730 further uses information (e.g., 



WO 2004/039011 



PCT/US2003/034514 



48 

steering vectors) obtained from the uplink transmission for the processing of the 
downlink transmission, as described in further detail below. 

[00182] A number of transmission modes are supported for data transmission on the 

downlink and uplink. The processing for each of these transmission modes is described 
in further detail below. 

1. Diversity Mode - Transmit Processing 

[00183] FIG. 8A shows a block diagram of an embodiment of a transmitter unit 800 

capable of performing the transmit processing for the diversity mode. Transmitter unit 
800 may be used for transmitter portion of the access point and the user terminal. 

[00184] Within a TX data processor 710a, a framing unit 808 frames the data for each 

packet to be transmitted on the FCH or RCH. The framing need not be performed for 
the other transport channels. The framing may be performed as illustrated in FIG. 6 to 
generate one or more PHY frames for each user packet. A scrambler 810 then 
scrambles the framed/unframed data for each transport channel to randomize the data. 

[00185] An encoder 812 receives and codes the scrambled data in accordance with a 

selected coding scheme to provide code bits. A repeat/puncture unit 814 then repeats or 
punctures (i.e., deletes) some of the code bits to obtain the desired code rate. In an 
embodiment, encoder 812 is a rate 1/2, constraint length 7, binary convolutional 
encoder. A code rate of 1/4 may be obtained by repeating each code bit once. Code 
rates greater than 1/2 may be obtained by deleting some of the code bits from encoder 
812. A specific design for framing unit 808, scrambler 810, encoder 812, and 
repeat/puncture unit 814 is described below. 

[00186] An interleaver 818 then interleaves (i.e., reorders) the code bits from unit 814 

based on a selected interleaving scheme. In an embodiment, each group of 48 
consecutive code bits to be transmitted on a given spatial channel is spread over the 48 
data-carrying subbands (or simply, data subbands) to provide frequency diversity. The 
interleaving is described in further detail below. 

[00187] A symbol mapping unit 820 then maps the interleaved data in accordance with a 

particular modulation scheme to provide modulation symbols. As shown in Table 26, 
BPSK, 4 QAM, or 16 QAM may be used for the diversity mode, depending on the 
selected rate. In the diversity mode, the same modulation scheme is used for all data 
subbands. The symbol mapping may be achieved by (1) grouping sets of B bits to form 
B-bit values, where B>1, and (2) mapping each B-bit value to a point in a signal 
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constellation corresponding to the selected modulation scheme. Each mapped signal 
point is a complex value and corresponds to a modulation symbol. Symbol mapping 
unit 820 provides a stream of modulation symbols to a TX diversity processor 720a. 

[00188] In an embodiment, the diversity mode utilizes space-time transmit diversity 

(STTD) for dual transmit diversity on a per subband basis. STTD supports 
simultaneous transmission of independent symbol streams on two transmit antennas 
while maintaining orthogonality at the receiver. 

[00189] The STTD scheme operates as follows. Suppose that two modulation symbols, 

denoted as s x and s 29 are to be transmitted on a given subband. The transmitter 
generates two vectors, x x = [s x s 2 f and x 2 =|>* -s* x f , where " * " denotes the 
complex conjugate and " r " denotes the transpose. Each vector includes two elements 
that are to be transmitted from two transmit antennas in one symbol period (i.e., vector 
x t is transmitted from two antennas in the first symbol period, and vector x 2 is 
transmitted from two antennas in the next symbol period). 

[00190] If the receiver is equipped with a single receive antenna, then the received 

symbols may be expressed as: 

r x = \s x + h 2 s 2 + n x , and , Eq (1) 

r 2 = /ijS* — h 2 s\ + n 2 , 

where r x and r 2 are two symbols received in two consecutive symbol periods at the 
receiver; 

\ and \ are the path gains from the two transmit antennas to the receive 
antenna for the subband under consideration, where the path gains are 
assumed to be constant over the subband and static over the 2-symbol 
period; and 

r\ and n 2 are the noise associated with the two received symbols r x and r 2 , 
respectively. 

[00191] The receiver may then derive estimates of the two transmitted symbols, 

s x and s 2 , as follows: 

,_ nf^f 'W Eq(2) 
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2 l*,P+l*,P 2 l^f+I^P 



[00192] Alternatively, the transmitter may generate two vectors x, = [s l - s 2 ] r and 

x 2 = [s 2 5j*] r and transmit the two vectors sequentially in two symbol periods from two 
transmit antennas. The received symbols may then be expressed as: 
r x = fySj -h 2 s* 2 +n l , and 

The receiver may then derive estimates of the two transmitted symbols as follows: 



1 |^| 2 +|^ 2 | 2 1 |/^| 2 +|/z 2 | 2 



2 kmm 2 ~ 2 kt+im 2 



[00193] The above description may be extended for a MIMO-OFDM system with two or 

more transmit antennas, JVr receive antennas, and multiple subbands. Two transmit 
antennas are used for any given subband. Suppose that two modulation symbols, 
denoted as s x (k) and s 2 (k) , are to be transmitted on a given subband k. The transmitter 

generates two vectors x t (£) = [s x (k) s 2 (k)] T and x 2 (*) = [^(4) -s* x (k)f or 

equivalently two symbol sets {x { (k)} = {s t (k) $* 2 (k)} and = fa 2 (*) 

Each symbol set includes two elements that are to be transmitted sequentially in two 
symbol periods from a respective transmit antenna on subband k (i.e., symbol set 
{x t (k)} is transmitted on subband k from antenna i in two symbol periods, and symbol 

set {Xj(k)} is transmitted on subband k from antenna; in the same 2-symbol period). 

[00194] The vectors of received symbols at the receive antennas in the two symbol 

periods may be expressed as: 

&(*) = fei(*)«i(*)+fe^(*)J2(*)+ai(*) . and 

Ea(*) = h, (*)*;(*) -h,(*K(*) +n 2 (*> , 

where r^/c) and r 2 (k) are two symbol vectors received in two consecutive symbol 

periods on subband k at the receiver, with each vector including N R 

received symbols for Nr receive antennas; 



WO 2004/039011 



PCT/US2003/034514 



51 

hi(k) and hj(k) are the vectors of path gains from the two transmit antennas i 

and j to the N R receive antennas for subband k 7 with each vector 
including the channel gains from the associated transmit antenna to each 
of the Nr receive antennas, where the path gains are assumed to be 
constant over the subband and static over the 2-symbol period; and 
n x (k) and n 2 (k) are noise vectors associated with the two received vectors 
r^k) and r 2 (&), respectively. 
[00195] The receiver may then derive estimates of the two transmitted symbols, s x (k) 

and s 2 (k) 9 as follows: 

,w " ii,<»p+it,<t>r =SjW+ itwr+iiwi" • 

[00196] Alternatively, the transmitter may generate two symbol sets 

{x,(k)} = {jj(fc) s 2 (A:)} and {Xj(k)} = {~s* 2 (k) ^*(fc)} and transmit these two symbol 

sets from two transmit antennas i and j. The vectors of received symbols may then be 
expressed as: 

Li(k) = hii^ik) -hj(k)s* 2 (k) + > and 
r ? (fc)=h l (^ 2 (ik)+h y (ife> 1 *(fc)+n 2 (fe) . 
The receiver may then derive estimates of the two transmitted symbols as follows: 

ft ,^_ fc*(*)&(*) + r?(*4(*) . m , &*(*)&(*) + !!?(*)&,(*) 

liwr+i^r 1 } ntwip+iifcwir ' 
2 iih,wii 2 +iih,wn 2 liwr+ifcwr " 

[00197] The STTD scheme is described by S.M. Alamouti in a paper entitled "A Simple 

Transmit Diversity Technique for Wireless Communications," IEEE Journal on 
Selected Areas in Communications, Vol. 16, No. 8, October 1998, pgs. 1451-1458. The 
STTD scheme is also described in commonly assigned U.S. Patent Application Serial 
No. 09/737,602, entitled "Method and System for Increased Bandwidth Efficiency in 
Multiple Input - Multiple Output Channels," filed January 5, 2001, and U.S. Patent 
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Application Serial No. 10/179,439, entitled "Diversity Transmission Modes for MEMO 
OFDM Communication Systems," filed June 24, 2002. 

[00198] The STTD scheme effectively transmits one modulation symbol per subband 
over two transmit antennas in each symbol period. However, the STTD scheme 
distributes the information in each modulation symbol over two successive OFDM 
symbols. Thus, the symbol recovery at the receiver is performed based on two 
consecutive received OFDM symbols. 

[00199] The STTD scheme utilizes one pair of transmit antennas for each data subband. 

Since the access point includes four transmit antennas, each antenna may be selected for 
use for half of the 48 data subbands. Table 29 lists an exemplary subband-antenna 
assignment scheme for the STTD scheme. 



Table 29 



Subband 


TX 


Bit 


Subband 


TX 


Bit 


Subband 


TX 


Bit 


Subband 


TX 


Bit 


Indices 


Ant 


Index 


Indices 


Ant 


Index 


Indices 


Ant 


Index 


Indices 


Ant 


Index 








-13 


1,2 


26 


1 


3,4 


1 


; - 15 


1,2 


33 


-26 


1,2 


0 


-12; ;; 


3,4 


32 


2 


1,2 


7 


16 


2,4 


39 


; -25 


3,4 


6 


-11 


1,3 


38 


3 


2,4 


13 


17 


1,3 


45 


. -24 


1,3 


12 


-10 


2,4 


44 


4 


1,3 


19 


18 


2,3 


5 


; : - -23 


2,4 


18 


-9 


1,4 


4 


5 


2,3 


25 


19 


1,4 


11 


-22 


1,4 


24 


-8 


2,3 


10 


6 


1,4 


31 


20 


3,4 


17 


-21 


1 


P0 


\; 


2 


PI 


7 


3 


P2 


: 21 i 


4 


P3 


—20 


2,3 


30 


-6 


1,2 


16 


8 


3,4 


37 


22 .; 




23 


-19 


1,2 


36 


' ' -5 


3,4 


22 


9 


1,2 


43 


: 23 


2,4 


29 


-18 


3,4 


42 


-4 


1,3 


28 


10 


2,4 


3 


7 24 


1,3 


35 


-17 


1,3 


2 


-3 


2,4 


34 


11 


1,3 


9 


■25* 


2,3 


41 


-16 


2,4 


8 


' , -2 ' 


1,4 


40 


12 


2,3 


15 


26 


1,4 


47 


-15 


1,4 


14 


-1 


2,3 


46 


13 


1,4 


21 








-14 


2,3 


20 


0. 






14 


3,4 


27 









[00200] As shown in Table 29, transmit antennas 1 and 2 are used for subbands with 
indices -26, -19,-13, and so on, transmit antennas 2 and 4 are used for subbands with 
indices -25, -18, -12, and so on, transmit antennas 1 and 3 are used for subbands with 
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indices -24, -17, -11, and so on. There are six different antenna pairings with four 
transmit antennas. Each of the six antenna pairings is used for 8 data subbands, which 
are spaced approximately uniformly across the 48 data subbands. The antenna pairing 
to subband assignment is such that different antennas are used for adjacent subbands, 
which may provide greater frequency and spatial diversity. For example, antennas 1 
and 2 are used for subband -26, and antennas 3 and 4 are used for subband -25. 
[00201] The antenna-subband assignment in Table 29 is also such that all four transmit 

antennas are used for each code bit for the lowest rate of 1/4, which may maximize 
spatial diversity. For rate 1/4, each code bit is repeated and sent on two subbands 
(which is also referred to as dual subband repeat coding). The two subbands used for 
each code bit are mapped to different antenna pairs so that all four antennas are used to 
transmit that code bit. For example, bit indices 0 and 1 in Table 29 correspond to the 
same code bit for the diversity mode, where the bit with index 0 is transmitted from 
antennas 1 and 2 on subband -26 and the bit with index 1 is transmitted from antennas 3 
and 4 on subband 1. As another example, bit indices 2 and 3 in Table 29 correspond to 
the same code bit, where the bit with index 2 is transmitted from antennas 1 and 3 in 
subband -17 and the bit with index 3 is transmitted from antennas 2 and 4 in subband 
10. 

[00202] The system may support other transmit diversity schemes, and this is within the 

scope of the invention. For example, the system may support a space-frequency 
transmit diversity (SFTD) that can achieve space and frequency diversity on a per- 
subband-pair basis. An exemplary SFTD scheme operates as follows. Suppose that two 
modulation symbols, denoted as s(k) and s(£-)-l), are generated and mapped to two 
adjacent subbands of an OFDM symbol. For SFTD, the transmitter would transmit 
symbols s(k) and s(k + l) from two antennas on subband k and would transmit 

symbols s*(k + l) and -s*(k) from the same two antennas on subband k + 1. Adjacent 
subbands are used for the pair of modulation symbols because the channel response is 
assumed to be constant for the transmission of the two pairs of symbols. The processing 
at the receiver to recover the modulation symbols is the same as for the STTD scheme, 
except that the received symbols for two subbands instead of two OFDM symbol 
periods are processed. 
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[00203] FIG. 8B shows a block diagram of an embodiment of a TX diversity processor 

720a capable of implementing the STTD scheme for the diversity mode. 

[00204] Within TX diversity processor 720a, a demultiplexer 832 receives and 
demultiplexes the stream of modulation symbols s(ri) from TX data processor 710a 

into 48 substreams, denoted as s^ri) through s k (ri), for the 48 data subbands. Each 
modulation symbol substream includes one modulation symbol for each symbol period, 
which corresponds to a symbol rate of (T 0EDM ) M , where T OFDM is the duration of one 

OFDM symbol. Each modulation symbol substream is provided to a respective TX 
subband diversity processor 840. 
[00205] Within each TX subband diversity processor 840, a demultiplexer 842 

demultiplexes the modulation symbols for the subband into two symbol sequences, with 
each sequence having a symbol rate of (2T 0FDM )^ X . A space-time encoder 850 receives 
the two modulation symbol sequences and, for each 2-symbol period, uses two symbols 
s\ and s 2 in the two sequences to form two symbol sets {jc f .} = {^ s*} and 
' {Xj} = {s 2 -s^} for two transmit antennas. Each symbol set includes two symbols, one 
symbol from each of the two sequences. Symbol set {*.} is generated by providing 
symbol s x first and symbol s* 2 next, where s x is obtained via a switch 856a and s* is 
obtained by taking the conjugate of s 2 with a unit 852a and delaying the conjugated 
symbol by one symbol period with a delay unit 854a. Similarly, symbol set {*,} is 
generated by providing symbol s 2 first and symbol - next, where s 2 is obtained via 
a switch 856b and - s* is obtained by taking the negative conjugate of s x with a unit 
852b and delaying the negative conjugated symbol by one symbol period with a delay 
unit 854b. The two symbol sets {x.} and {Xj} are to be transmitted from two antennas 
i and j assigned to the subband, as indicated in Table 29. Space-time encoder 850 
provides the first symbol set {x l }-{s l s* 2 } to a buffer/multiplexer 870 for the first 
transmit antenna i and the second symbol set {Xj} = {s 2 -s* { } to another 

buffer/multiplexer 870 for the second transmit antenna j. The two symbols provided by 
space-time encoder 850 for each symbol period are referred to as STTD symbols. 
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[00206] Buffers/multiplexers 870a through 870d are used to buffer and multiplex the 

STTD symbols from all diversity processors 840. Each buffer/multiplexer 870 receives 
pilot symbols and STTD symbols from the appropriate TX subband diversity processors 
840, as determined by Table 29. For example, buffer/multiplexer 870a receives 
modulation symbols for subbands -26, -24, -22, -19, and so on (i.e., all subbands 
mapped to antenna 1), buffer/multiplexer 870b receives modulation symbols for 
subbands -26, -23, -20, -19, and so on (i.e., all subbands mapped to antenna 2), 
buffer/multiplexer 870c receives modulation symbols for subbands -25, -24, -20, -18, 
and so on (i.e., all subbands mapped to antenna 3), and buffer/multiplexer 870d receives 
modulation symbols for subbands -25, -23, -22, -18, and so on (i.e., all subbands 
mapped to antenna 4). 

[00207] Each buffer/multiplexer 870 then, for each symbol period, multiplexes four 

pilots, 24 STTD symbols, and 36 zeros for the four pilot subbands, 24 data subbands, 
and 36 unused subbands, respectively, to form a sequence of 64 transmit symbols for 
the 64 total subbands. Although there are a total of 48 data subbands, only 24 subbands 
are used for each transmit antenna for the diversity mode, and the effective total number 
of unused subbands for each antenna is thus 36 instead of 12. Each transmit symbol is a 
complex value (which may be zero for an unused subband) that is sent on one subband 
in one symbol period. Each buffer/multiplexer 870 provides a stream of transmit 
symbols x.(n) for one transmit antenna. Each transmit symbol stream comprises 

concatenated sequences of 64 transmit symbols, one sequence for each symbol period. 
Referring back to FIG. 8A, TX diversity processor 720a provides four transmit symbol 
streams, x x {n) through x 4 (n) , to four OFDM modulators 722a through 722d. 
[00208] FIG. 8C shows a block diagram of an embodiment of an OFDM modulator 

722x, which may be used for each of OFDM modulators 722a through 722d in FIG. 8A. 
Within OFDM modulator 722x, an inverse fast Fourier transform (IFFT) unit 852 
receives a stream of transmit symbol, jc,(n), and converts each sequence of 64 transmit 

symbols into its time-domain representation (which is referred to as a transformed 
symbol) using a 64-point inverse fast Fourier transform. Each transformed symbol 
comprises 64 time-domain samples corresponding to the 64 total subbands. 
[00209] For each transformed symbol, cyclic prefix generator 854 repeats a portion of 
the transformed symbol to form a corresponding OFDM symbol. As noted above, one 
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of two different cyclic prefix lengths may be used. The cyclic prefix for the BCH is 
fixed and is 800 nsec. The cyclic prefix for all other transport channels is selectable 
(either 400 nsec or 800 nsec) and indicated by the Cyclic Prefix Duration field of the 
BCH message. For a system with a bandwidth of 20 MHz, a sample period of 50 nsec, 
and 64 subbands, each transformed symbol has a duration of 3.2 msec (or 64x50 nsec) 
and each OFDM symbol has a duration of either 3.6 msec or 4.0 msec depending on 
whether the 400 nsec or 800 nsec cyclic prefix is used for the OFDM symbol. 

[00210] FIG. 8D illustrates an OFDM symbol. The OFDM symbol is composed of two 

parts: a cyclic prefix having a duration of 400 or 800 nsec (8 or 16 samples) and a 
transformed symbol with a duration of 3.2 (usee (64 samples). The cyclic prefix is a 
copy of the last 8 or 16 samples (i.e., a cyclic continuation) of the transformed symbol 
and is inserted in front of the transformed symbol. The cyclic prefix ensures that the 
OFDM symbol retains its orthogonal property in the presence of multipath delay spread, 
thereby improving performance against deleterious path effects such as multipath and 
channel dispersion caused by frequency selective fading. 

[00211] Cyclic prefix generator 854 provides a stream of OFDM symbols to a transmitter 

(TMTR) 856. Transmitter 856 converts the OFDM symbol stream into one or more 
analog signals, and further amplifies, filters, and frequency upconverts the analog 
signals to generate a modulated signal suitable for transmission from an associated 
antenna. 

[00212] The baseband waveform for an OFDM symbol may be expressed as: 



*„(')= 2> B (*yF„(M , 



Eq(3) 



where n denotes the symbol period (i.e., the OFDM symbol index); 

k denotes the subband index; 

N ST is the number of pilot and data subbands; 



c n (k) denotes the symbol transmitted on subband k of symbol period n\ and 




, for nT s <t<(n + l)T s 
, otherwise 



Eq(4) 



where T CP is the cyclic prefix duration; 
T s is' the OFDM symbol duration; and 



is the bandwidth of each subband. 
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2. Spatial Multiplexing Mode - Transmit Processing 
[00213] FIG. 9A shows a block diagram of a transmitter unit 900 capable of performing 

the transmit processing for the spatial multiplexing mode. Transmitter unit 900 is 
another embodiment of the transmitter portion of the access point and the user terminal. 
For the spatial multiplexing mode, again assuming that four transmit antennas and four 
receive antennas are available, data may be transmitted on up to four spatial channels. 
A different rate may be used for each spatial channel depending on its transmission 
capacity. Each rate is associated with a particular code rate and modulation scheme, as 
shown in Table 25. In the following description it is assumed that Ne spatial channels 
are selected for use for data transmission, where N E <N S < xmn{N T ,N R } . 

[00214] Within a TX data processor 710b, framing unit 808 frames the data for each 

FCH/RCH packet to generate one or more PHY frames for the packet. Each PHY frame 
includes the number of data bits that may be transmitted in all Ne spatial channels 
within 6 OFDM symbols. Scrambler 810 scrambles the data for each transport channel. 
Encoder 812 receives and codes the scrambled data in accordance with a selected 
coding scheme to provide code bits. In an embodiment, a common coding scheme is 
used to code the data for all Ne spatial channels, and different code rates for different 
spatial channels are obtained by puncturing the code bits with different puncturing 
patterns. Puncture unit 814 thus punctures the code bits to obtain the desired code rate 
for each spatial channel. The puncturing for the spatial multiplexing mode is described 
in further detail below. 

[00215] A demultiplexer 816 receives and demultiplexes the code bits from puncture unit 

814 to provide Ne code bit streams for the Ne spatial channels selected for use. Each 
code bit stream is provided to a respective interleaver 818, which interleaves the code 
bits in the stream across the 48 data subbands. The coding and interleaving for the 
spatial multiplexing mode are described in further detail below. The interleaved data 
from each interleaver 818 is provided to a respective symbol mapping unit 820. 

[00216] In the spatial multiplexing mode, up to four different rates may be used for the 

four spatial channels, depending on the received SNRs achieved for these spatial 
channels. Each rate is associated with a particular modulation scheme, as shown in 
Table 25. Each symbol mapping unit 820 maps the interleaved data in accordance with 
a particular modulation scheme selected for the associated spatial channel to provide 
modulation symbols. If all four spatial channels are selected for use, then symbol 
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mapping units 820a through 820d provide four streams of modulation symbols for the 

four spatial channels to a TX spatial processor 720b. 
[00217] TX spatial processor 720b performs spatial processing for the spatial 

multiplexing mode. For simplicity, the following description assumes that four transmit 

antennas, four receive antennas, and 48 data subbands are used for data transmission. 

The data subband indices are given by the set K, where K = ± {1, 6, 8 ... , 20, 22, ... 26} 

for the OFDM subband structure described above. 
[00218] The model for a MIMO-OFDM system may be expressed as: 

r(fc) = H(fe)x(fe) + n(A:) , f or keK, Eq(5) 

where r(k) is a "receive" vector with four entries for the symbols received via the four 
1 receive antennas for subband k (i.e., r(k) = [r } (k) r 2 (k) r 3 (k) r 4 (fc)] r ); 

x(/c) is a "transmit" vector with four entries for the symbols transmitted from the four 

transmit antennas for subband k (i.e., x(k)~[x x (k) x 2 (k) x 3 (k) x A (k)f); 

H(fc) is an (N R xN T ) channel response matrix for subband k; and 

n(k) is a vector of additive white Gaussian noise (AWGN) for subband k. 

The noise vector n(k) is assumed to have components with zero mean and a covariance 

matrix of A ;J = <7 2 l , where I is the identity matrix and a 2 is the noise variance. 
[00219] The channel response matrix H(&) for subband k may be expressed as: 



H(*) = 



V*) W*> M*) M*>" 

h 2 ,(k) h^k) ^(k) h^ A {k) 

h^SX) h^ik) } h ,{k) h^Qt) 

\ x {k) \ 2 (k) \ 3 (k) h 4A (k) 



, for k E K , Eq (6) 



where entry h tj (k), for ie {1,2,3,4} and ye {1,2, 3, 4}, is the coupling (i.e., complex 

gain) between transmit antenna i and receive antenna j for subband k. For simplicity, it 
is assumed that the channel response matrices H(£) , for k e K , are known or can be 
ascertained by both the transmitter and receiver. 
[00220] The channel response matrix H(fc) for each subband may be "diagonalized" to 

obtain the Ns eigenmodes for that subband. This can be achieved by performing 
eigenvalue decomposition on the correlation matrix of H(fc), which is 
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R(£) = H 77 (fc)H(fc) , where (k) denotes the conjugate transpose of H(£) . The 
eigenvalue decomposition of the correlation matrix R(£) may be expressed as: 

£(*) = Y(£)D(£)V H (*) , for k 6 K , Eq (7) 

where V(&) is an (N T xN T ) unitary matrix whose columns are eigenvectors of R(k) 
(i.e., V(/:) = [v 1 (fc) y 2 (fc) v 3 (fc) y 4 (&)], where each v f (&) is an 
eigenvector for one eigenmode); and 
D(&) is an (N T xN T ) diagonal matrix of eigenvalues of R(&) , 

A unitary matrix is characterized by the property M^M = I . Eigenvectors v*(&) , for 
1 ie {1,2, 3,4}, are also referred to as transmit steering vectors for each of the spatial 
channels. 

[00221] The channel response matrix H(£) may also be diagonalized using singular 

value decomposition, which may be expressed as: 

H(k) = U(Jfc)Z(*) V* (Jfc) , for k E K , Eq (8) 

where V(fc) is a matrix whose columns are right eigenvectors of H(&) ; 

is a diagonal matrix containing singular values of H(fc), which are 
positive square roots of the diagonal elements of D(fc) , the eigenvalues 
of R(fc) ; and 

U(fe) is a matrix whose columns are left eigenvectors of H(fc) . 
Singular value decomposition is described by Gilbert Strang in a book entitled "Linear 
Algebra and Its Applications," Second Edition, Academic Press, 1980. As shown in 
equations (7) and (8), the columns of the matrix \(k) are eigenvectors of R(&) as well 
as right eigenvectors of H(&) . The columns of the matrix V(k) are eigenvectors of 
H(£)H H (k) as well as left eigenvectors of H(fc) . 

[00222] The diagonal matrix D(fc) for each subband contains non-negative real values 

'along the diagonal and zeros everywhere else. The eigenvalues of R(k) are denoted as 
4(*) f i 4 (*)} or {^(t)} for ze{l,2,3,4}. 

[00223] The eigenvalue decomposition may be performed independently for the channel 

response matrix H(fc) for each of the 48 data subbands to determine the four 
eigenmodes for that subband (assuming that each matrix H(&) is full rank). The four 
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eigenvalues for each diagonal matrix D(&) may be ordered such that 
{Ay(k) > X^k) >A$(k) >/l 4 (k) } , where \(k) is the largest eigenvalue and A 4 (k) is the 
smallest eigenvalue for subband L When the eigenvalues for each diagonal matrix 
D(fc) are ordered, the eigenvectors (or columns) of the associated matrix V(fc) are also 
ordered correspondingly. 
[00224] A "wideband" eigenmode may be defined as the set of same-order eigenmodes 

of all subbands after the ordering (i.e., wideband eigenmode m includes eigenmodes m 
of all subbands). Each wideband eigenmode is associated with a respective set of 
eigenvectors for all of the subbands. The "principal" wideband eigenmode is the one 
associated with the largest singular value in each of the matrices l(k) after the 
ordering. 

[00225] A vector d m may then be formed to include the m-th rank eigenvalue for all 48 

data subbands. This vector d m may be expressed as: 

d m =W m (-26) ... 4(-22) ...i m (22) ... 4(26)] , for m = {l,2,3,4} . Eq(9) 

The vector d 1 includes the eigenvalues for the best or principal wideband eigenmode. 
For a MIMO-OFDM system with four transmit antennas and four receive antennas (i.e., 
a 4x4 system), there are up four wideband eigenmodes. 
[00226] If the noise variance a 1 at the receiver is constant across the operating band and 

known to the transmitter, then the received SNR for each subband of each wideband 
eigenmode may be determined by dividing the eigenvalue X m {k) by the noise variance 

<x 2 . For simplicity, the noise variance can be assumed to be equal to one (i.e., <x 2 = 1). 
[00227] For the spatial multiplexing mode, the total transmit power P total available to the 

transmitter may be distributed to the wideband eigenmodes based on various power 
allocation schemes. In one scheme, the total transmit power P total is distributed 
uniformly to all four wideband eigenmodes such that P m =P total /4, where P m is the 
transmit power allocated to wideband eigenmode m. In another scheme, the total 
transmit power P total is distributed to the four wideband eigenmodes using a water- 
filling procedure. 

[00228] The water-filling procedure distributes power such that the wideband 

eigenmodes with higher power gains receive greater fractions of the total transmit 
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power. The amount of transmit power allocated to a given wideband eigenmode is 
determined by its received SNR, which in turn is dependent on the power gains (or 
eigenvalues) for all of the subbands of that wideband eigenmode. The water-filling 
procedure may allocate zero transmit power to wideband eigenmodes with sufficiently 
poor received SNRs. The water-filling procedure receives £ = J3 27 j8 3 , jB 4 } for the 

four wideband eigenmodes, where J3 m is a normalization factor for wideband 
eigenmode m and may be expressed as: 

1 , form = {l,2,3,4}. Eq (10) 

The normalization factor J3 m keeps the transmit power allocated to wideband 
eigenmode m invariant after channel inversion is applied, as described below. As 
shown in equation (10), the normalization factor J3 m can be derived based on the 

eigenvalues in the vector d m and with the assumption of the noise variance being equal 
to one (i.e., a 1 =1). 

[00229] The water-filling procedure then determines the fraction a m of the total transmit 

power to allocate to each wideband eigenmode based on the set p such that spectral 

efficiency or some other criterion is optimized. The transmit power allocated to 
wideband eigenmode m by the water-filling procedure may be expressed as: 

P m =a m P«,tai > for m = {l,2,3,4}. Eq(ll) 
The power allocations for the four wideband eigenmodes may be given by 

4 4 

a = {a,, a 2 , a 3 , a 4 }> where £a m =1 and 2> w =i^. The spatial multiplexing 

mode may be selected for use if more than one value in set a is non-zero. 

[00230] The procedure for performing water-filling is known in the art and not described 

herein. One reference that describes water-filling is "Information Theory and Reliable 
Communication; 5 by Robert G. Gallager, John Wiley and Sons, 1968, which is 
incorporated herein by reference. 

[00231] For the spatial multiplexing mode, the rate for each spatial channel or wideband 

eigenmode may be selected based on the received SNR achieved by that spatial 
channel/wideband eigenmode with its allocated transmit power of P m . For simplicity, 
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the following description assumes data transmission on the wideband eigenmodes. The 
received SNR for each wideband eigenmode may be expressed as: 

for m = {l,2,3,4}. Eq (12) 

c 

In one embodiment, the rate for each wideband eigenmode is determined based on a 
table that includes the rates supported by the system and a range of SNRs for each rate. 
This table may be obtained by computer simulation, empirical measurements, and so on. 
The particular rate to use for each wideband eigenmode is the rate in the table with a 
range of SNRs covering the received SNR for the wideband eigenmode. In another 
embodiment, the rate for each wideband eigenmode is selected based on (1) the received 
SNR for the wideband eigenmode, (2) an SNR offset used to account for estimation 
error, variability in the MIMO channel, and other factors, and (3) a table of supported 
rates and their required SNRs. For this embodiment, an average received SNR for each 
wideband eigenmode is first computed as described above or as an average of the 
received SNRs (in units of dBs) for all of the subbands of the wideband eigenmode. In 
any case, an operating SNR is next computed as the sum of the received SNR and the 
SNR offset (where both are given in units of dBs). The operating SNR is then 
compared against the required SNR for each of the rates supported by the system. The 
highest rate in the table with a required SNR that is less than or equal to the operating 
SNR is then selected for the wideband eigenmode. The rate for the transmit diversity 
mode and the beam-steering mode may also be determined in similar manner. 
[00232] The transmit power P m allocated for each wideband eigenmode may be 

distributed across the 48 data subbands of that wideband eigenmode such that the 
received SNRs for all subbands are approximately equal. This non-uniform allocation 
of power across the subbands is referred to as channel inversion. The transmit power 
P m (k) allocated to each subband may be expressed as: 

W = |^, for kE K and hi = {1,2, 3, 4}, Eq(13) 

where fi m is given in equation (10). 
[00233] As shown in equation (13), the transmit power P m is distributed non-uniformly 

across the data subbands based on their channel power gains, which is given by the 
eigenvalues A m (k) , for k e K . The power distribution is such that approximately equal 
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received SNRs are achieved at the receiver for all data subbands of each wideband 
eigenmode. This channel inversion is performed independently for each of the four 
wideband eigenmodes. The channel inversion per wideband eigenmode is described in 
further detail in commonly assigned U.S. Patent Application Serial No. 10/229,209, 
entitled "Coded MIMO Systems with Selective Channel Inversion Applied Per 
Eigenmode," filed August 27, 2002. 

[00234] The channel inversion may be performed in various manners. For full channel 

inversion, all data subbands are used for data transmission if a wideband eigenmode is 
selected for use. For selective channel inversion, all or a subset of the available data 
subbands may be selected for use for each wideband eigenmode. The selective channel 
inversion discards poor subbands with received SNR below a particular threshold and 
performs channel inversion on only the selected subbands. Selective channel inversion 
for each wideband eigenmode is also described in commonly assigned U.S. Patent 
Application Serial No. 10/229,209, entitled "Coded MIMO Systems with Selective 
Channel Inversion Applied Per Eigenmode," filed August 27, 2002. For simplicity, the 
following description assumes that full channel inversion is performed for each 
wideband eigenmode selected for use. 

[00235] The gain to use for each subband of each wideband eigenmode may be 

determined based on the transmit power P m (k) allocated to that subband. The gain 

g m (k) for each data subband may be expressed as: 

gJk) = ^P m (k) , for keK and m = {l,2,3,4}. Eq(14) 

A diagonal gain matrix G(k) may be defined for each subband. This matrix G(k) 
includes the gains for the four eigenmodes for subband k along the diagonal, and may be 
expressed as: G(fc) = diag g 2 (k), g % {k\ g 4 (k)]. 

[00236] For the spatial multiplexing mode, the transmit vector x(k) for each data 

subband may be expressed as: 

x(k) = \(k)G(k)s(k) Jot keK, Eq (15) 

where 

s(k) = [s x (k) s 2 (k) s 3 (k) s 4 (£)f ,and 
x(fc) = [x l (fe) x 2 (k) x,(k) x 4 (k)f . 
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The vector s(k) includes four modulation symbols to be transmitted on the four 
eigenmodes for subband k, and the vector x(k) includes four transmit symbols to be 
transmitted from the four antennas for subband k. For simplicity, equation (15) does not 
include the correction factors used to account for differences between the 
transmit/receive chains at the access point and the user terminal, which are described in 
detail below. 

[00237] FIG. 9B shows a block diagram of an embodiment of TX spatial processor 720b 

capable of performing spatial processing for the spatial multiplexing mode. For 
simplicity, the following description assumes that all four wideband eigenmodes are 
selected for use. However, less than four wideband eigenmodes may also be selected 
for use. 

[00238] Within processor 720b, a demultiplexer 932 receives the four modulation 

symbol streams (denoted as s^n) through s 4 (n)) to be transmitted on the four 
wideband eigenmodes, demultiplexes each stream into 48 substreams for the 48 data 
subbands, and provides four modulation symbol substreams for each data subband to a 
respective TX subband spatial processor 940. Each processor 940 performs the 
processing shown in equation (15) for one subband. 

[00239] Within each TX subband spatial processor 940, the four modulation symbol 

substreams (denoted as ^(Jfc) through s 4 (k)) are provided to four multipliers 942a 
through 942d, which also receive the gains g x (k), g 2 (k), g 3 (fc), and g 4 (k) for the four 
eigenmodes of the associated subband. Each gain g m {k) may be determined based on 
the transmit power P m (k) allocated to that subband/eigenmode, as shown in equation 
(14). Each multiplier 942 scales its modulation symbols with its gain g m (k) to provide 
scaled modulation symbols. Multipliers 942a through 942d provide four scaled 
modulation symbol substreams to four beam-formers 950a through 950d, respectively. 

[00240] Each beam-former 950 performs beam-forming to transmit one symbol 

substream on one eigenmode of one subband. Each beam-former 950 receives one 
symbol substream s m (k) and one eigenvector \ m (k) for the associated eigenmode. In 
particular, beam-former 950a receives eigenvector v x (fc) for the first eigenmode, beam- 
former 950b receives eigenvector v 2 (fc) for the second eigenmode, and so on. The 
beam-forming is performed using the eigenvector for the associated eigenmode. 
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[00241] Within each beam-former 950, the scaled modulation symbols are provided to 

four multipliers 952a through 952d, which also receive four elements, 
v m>1 (£), v m2 (&), v m3 (k), and v m4 (&), of eigenvector v m (k) for the associated 

eigenmode. Each multiplier 952 then multiplies the scaled modulation symbols with its 
eigenvector value v mJ (k) to provide "beam-formed" symbols. Multipliers 952a 

through 952d provide four beam-formed symbol substreams (which are to be 
transmitted from four antennas) to summers 960a through 960d, respectively. 
[00242] Each summer 960 receives and sums four beam-formed symbols for the four 

eigenmodes for each symbol period to provide a preconditioned symbol for an 
associated transmit antenna. Summers 960a through 960d provide four substreams of 
preconditioned symbols for four transmit antennas to buffers/multiplexers 970a through 
970d, respectively. 

[00243] Each buffer/multiplexer 970 receives pilot symbols and the preconditioned 

symbols from TX subband spatial processors 940a through 940k for the 48 data 
subbands. Each buffer/multiplexer 970 then, for each symbol period, multiplexes 4 
pilot symbols, 48 preconditioned symbols, and 12 zeros for 4 pilot subbands, 48 data 
subbands, and 12 unused subbands, respectively, to form a sequence of 64 transmit 
symbols for that symbol period. Each buffer/multiplexer 970 provides a stream of 
transmit symbols x t {n) for one transmit antenna, where the transmit symbol stream 

comprises concatenated sequences of 64 transmit symbols. The transmit symbols can 
be scaled with correction factors to account for differences between the transmit/receive 
chains at the access point and the user terminal, as described below. The subsequent 
OFDM modulation for each transmit symbol stream is described above. 

[00244] Parallel symbol streams may also be transmitted from the four transmit antennas 

without spatial processing at the access point using the non-steered spatial multiplexing 
mode. For this mode, the channel inversion process and beam-forming by beam- 
former 950 may be omitted. Each modulation symbol stream is further OFDM 
processed and transmitted from a respective transmit antenna. 

[00245] The non-steered spatial multiplexing mode may be used for various situations 

such as if the transmitter is unable to perform the spatial processing necessary to support 
beam-steering based on eigenmode decomposition. This may be because the transmitter 
has not performed calibration procedures, is unable to generate a sufficiently good 
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estimate of the channel, or does not have calibration and eigenmode processing 
capabilities at all. For the non-steered spatial multiplexing mode, spatial multiplexing is 
still used to increase the transmission capacity, but the spatial processing to separate out 
the individual symbol streams is performed by the receiver. 

[00246] For the non-steered spatial multiplexing mode, the receiver performs the spatial 

processing to recover the transmitted symbol streams. In particular, a user terminal may 
implement a channel correlation matrix inversion (CCMI) technique, a minimum mean 
square error (MMSE) technique, a successive interference cancellation receiver 
processing technique, or some other receiver spatial processing technique. These 
techniques are described in detail in commonly assigned U.S. Patent Application Serial 
No. 09/993,087, entitled "Multiple-Access Multiple-Input Multiple-Output (MIMO) 
Communication System," filed November 6, 2001. The non-steered spatial 
multiplexing mode may be used for both downlink and uplink transmissions. 

[00247] The multi-user spatial multiplexing mode supports data transmission to multiple 

user terminals simultaneously on the downlink based on the "spatial signatures" of the 
user terminals. The spatial signature for a user terminal is given by a channel response 
vector (for each subband) between the access point antennas and each user terminal 
antenna. The access point may obtain the spatial signatures, for example, based on the 
steered reference transmitted by the user terminals. The access point may process the 
spatial signatures for user terminals desiring data transmission to (1) select a set of user 
terminals for simultaneous data transmission on the downlink and (2) derive steering 
vectors for each of the independent data streams to be transmitted to the selected user 
terminals. 

[00248] The steering vectors for the multi-user spatial multiplexing mode may be 

derived in various manners. Two exemplary schemes are described below. For 
simplicity, the following description is for one subband and assumes that each user 
terminal is equipped with a single antenna. 

[00249] In a first scheme, the access point obtains the steering vectors using channel 

inversion. The access point may select N ap single-antenna user terminals for 
simultaneous transmission on the downlink. The access point obtains an l*N ap 

channel response row vector for each selected user terminal and forms an N ap xN ap 

channel response matrix H ma with the Nap row vectors for the N ap user terminals. The 
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access point then obtains a matrix H„ eer of N ap steering vectors for the N ap selected user 
terminals as H 5 , eer = . The access point can also transmit a steered reference to each 
selected user terminal. Each user terminal processes its steered reference to estimate the 
channel gain and phase and coherently demodulates received symbols for its single 
antenna with the channel gain and phase estimates to obtain recovered symbols. 
[00250] In a second scheme, the access point precodes N ap symbol streams to be sent to 

N ap user terminals such that these symbol streams experience little cross-talk at the user 
terminals. The access point can form the channel response matrix H mH for the Nap 
selected user terminals and perform QR factorization on H OTM such that U mu =E m Q mtt , 
where T tri is a lower left triangular matrix T tri and Q mu is a unitary matrix. The access 
point then precodes the N ap data symbol streams with the matrix T, r/ to obtain N ap 
precoded symbol streams a , and further processes the preceded symbol streams with 
the unitary matrix Q mM to obtain the N ap transmit symbol streams for transmission to the 

Nap user terminals. Again, the access point can also transmit a steered reference to each 
user terminal. Each user terminal uses the steered reference to coherently demodulate 
its received symbols to obtain recovered symbols. 
[00251] For the uplink in the multi-user spatial multiplexing mode, the access point can 

recover N ap symbol streams transmitted simultaneously by N ap user terminals using 
MMSE receiver processing, successive interference cancellation, or some other receiver 
processing technique. The access point can estimate the uplink channel response for 
each user terminal and use the channel response estimate for receiver spatial processing 
and for scheduling uplink transmissions. Each single-antenna user terminal can transmit 
an orthogonal pilot on the uplink. The uplink pilots from the N ap user terminals can be 
orthogonal in time and/or frequency. Time orthogonality can be achieved by having 
each user terminal covers its uplink pilot with an orthogonal sequence assigned to the 
user terminal. Frequency orthogonality can be achieved by having each user terminal 
transmits its uplink pilot on a different set of subbands. The uplink transmissions from 
the user terminals should be approximately time-aligned at the access point (e.g., time- 
aligned to within the cyclic prefix). 
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3. Beam-Steering Mode - Transmit Processing 
[00252] FIG. 10A shows a block diagram of a transmitter unit 1000 capable of 

performing the transmit processing for the beam-steering mode. Transmitter unit 1000 
is yet another embodiment of the transmitter portion of the access point and the user 
terminal. 

[00253] Within a TX data processor 710c, framing unit 808 frames the data for each 

FCH/RCH packet to generate one or more PHY frames for the packet. Scrambler 810 
then scrambles the data for each transport channel. Encoder 812 next codes the framed 
data in accordance with a selected coding scheme to provide code bits. Puncture unit 
814 then punctures the code bits to obtain the desired code rate for the wideband 
eigenmode used for data transmission. The code bits from puncture unit 818 are 
interleaved across all data subbands. Symbol mapping unit 820 then maps the 
interleaved data in accordance with a selected modulation scheme to provide 
modulation symbols. A TX spatial processor 720c then performs transmit processing 
on the modulation symbols for the beam-steering mode. 

[00254] The beam-steering mode may be used to transmit data on one spatial channel or 

wideband eigenmode - typically the one associated with the largest eigenvalues for all 
of the data subbands. The beam-steering mode may be selected if the transmit power 
allocation to the wideband eigenmodes results in only one entry in the set a being non- 
zero. Whereas the spatial multiplexing mode performs beam-forming for each of the 
selected eigenmodes of each subband based on its eigenvector, the beam-steering mode 
performs beam-steering based on a "normalized" eigenvector for the principal 
eigenmode of each subband to transmit data on that single eigenmode. 

[00255] The four elements of each eigenvector Vj(/:), for ke K , for the principal 

eigenmode may have different magnitudes. The four preconditioned symbols obtained 
based on the four elements of eigenvector v x (k) for each subband may then have 
different magnitudes. Consequently, the four per-antenna transmit vectors, each of 
which includes the preconditioned symbols for all data subbands for a given transmit 
antenna, may have different magnitudes. If the transmit power for each transmit 
antenna is limited (e.g., because of limitations of the power amplifiers), then the beam- 
forming technique may not fully use the total power available for each antenna. 
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[00256] The beam-steering mode uses only the phase information from eigenvectors 
Zi(k), for ke K , for the principal eigenmode and normalizes each eigenvector such 
that all four elements in the eigenvector have equal magnitudes. The normalized 
eigenvector v(&) for subband k may be expressed as: 

v(Jfe) = [Ae« w Ac"*™ Ae je > (k) Ae J0 * m ] T , Eq(16) 
where A is a constant (e.g., A = 1 ); and 

<9. (k) is the phase for subband k of transmit antenna /, which is given as: 



^W = Zv u (fc) = tan" 1 



r lm{v u (k)} 



Eq(17) 



v Re{v y (ft)}J 

As shown in equation (17), the phase of each element in the vector v(k) is obtained 
from the corresponding element of eigenvector \ x (k) (i.e., 6.{k) is obtained from 
v u (k) 9 where i(i) = [v u (l) v 1>2 (fc) v w (*) v M (*)f ). 
[00257] Channel inversion may also be performed for the beam-steering mode so that a 
common rate can be used for all data subbands. The transmit power P^k) allocated to 
each data subband for the beam-steering mode may be expressed as: 

fwkeK, Eq(18) 

A x (k) 

where P x is a normalization factor that keeps the total transmit power invariant after 
channel inversion is applied; 
P x is the transmit power allocated to each of the four antennas; and 

Ayik) is the power gain for subband k of the principal eigenmode for the beam- 
steering mode. 
The normalization factor j3 1 may be expressed as: 

keK 

The transmit power P l may be given as P l = P lolal I A (i.e., uniform allocation of the total 

transmit power across the four transmit antennas). The power gain \(k) may be 
expressed as: 

^W = fWS f '(»P) . Eq(20) 



WO 2004/039011 



PCT7US2003/034514 



70 

[00258] The channel inversion results in power allocation of p[(k) , for k e K , for the 48 
data subbands. The gain for each data subband may then be given as g(k) = Jp\(k) . 

[00259] For the beam-steering mode, the transmit vector x(k) for each subband may be 
expressed as: 

x(k) = v(k)g(k)s(k) , for k & K . Eq (21) 

Again for simplicity, equation (21) does not include the correction factors used to 
account for differences between the transmit/receive chains at the access point and the 
user terminal. 

[00260] As shown in equation (16), the four elements of the normalized steering vector 

f(k) for each subband have equal magnitude but possibly different phases. The beam- 
steering thus generates one transmit vector x(fc)for each subband, with the four 
elements of x(&) having the same magnitude but possibly different phases. 

[00261] FIG. 10B shows a block diagram of an embodiment of TX spatial processor 

720c capable of performing the spatial processing for the beam-steering mode. 

[00262] Within processor 720c, a demultiplexer 1032 receives and demultiplexes the 

modulation symbol stream s(n) into 48 substreams for the 48 data subbands (denoted 
as s(l) through s(k) ). Each symbol substream is provided to a respective TX subband 
beam-steering processor 1040. Each processor 1040 performs the processing shown in 
equation (14) for one subband. 

[00263] Within each TX subband beam-steering processor 1040, the modulation symbol 

substream is provided to a multiplier 1042, which also receives the gain g(k) for the 
associated subband. Multiplier 1042 then scales the modulation symbols with the gain 
g(k) to obtain scaled modulation symbols, which are then provided to a beam-steering 
unit 1050. 

[00264] Beam-steering unit 1050 also receives the normalized eigenvector \(k) for the 

associated subband. Within beam-steering unit 1050, the scaled modulation symbols 
are provided to four multipliers 1052a through 1052d, which also respectively receive 
the four elements, v^k), v 2 (k), v 3 (k), and v 4 (fe) , of the normalized eigenvector v(fc). 
Each multiplier 1052 multiplies its scaled modulation symbols with its normalized 
eigenvector value v { (k) to provide preconditioned symbols. Multipliers 1052a through 
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1052d provide four preconditioned symbol substreams to buffers/multiplexers 1070a 
through 1070d, respectively. 
[00265] Each buffer/multiplexer 1070 receives pilot symbols and the preconditioned 

symbols from TX subband beam-steering processors 1040a through 1040k for the 48 
data subbands, multiplexes the pilot and preconditioned symbols and zeros for each 
symbol period, and provides a stream of transmit symbols x^ri) for one transmit 

antenna. The subsequent OFDM modulation for each transmit symbol stream is 
described above. 

[00266] The processing for the beam-steering mode is described in further detail in 

commonly assigned U.S. Patent Application Serial No. 10/228,393, entitled "Beam- 
Steering and Beam-Forming for Wideband MIMO Systems" filed August 27, 2002. 
The system may also be designed to support a beam-forming mode whereby a data 
stream is transmitted on the principal eigenmode using the eigenvector instead of the 
normalized eigenvector. 

4. Framing for PHY frames 

[00267J FIG. HA shows an embodiment of framing unit 808, which is used to frame the 

data for each FCH/RCH packet prior to subsequent processing by the TX data 
processor. This framing function may be bypassed for messages sent on the BCH, 
FCCH, and RACH. The framing unit generates an integer number of PHY frames for 
each FCH/RCH packet, where each PHY frame spans 6 OFDM symbols for the 
embodiment described herein. 

[00268] For the diversity and beam-steering modes, only one spatial channel or 

wideband eigenmode is used for data transmission. The rate for this mode is known, 
and the number of information bits that may be sent in the payload of each PHY frame 
may be computed. For the spatial multiplexing mode, multiple spatial channels may be 
used for data transmission. Since the rate of each spatial channel is known, the number 
of information bits that may be sent in the payload of each PHY frame for all spatial 
channels may be computed. 

[00269] As shown in FIG. 11 A, the information bits (denoted as ^i 2 / 3 / 4 ..0 for each 

FCH/RCH packet are provided to a CRC generator 1102 and a multiplexer 1104 within 
framing unit 808. CRC generator 1 102 generates a CRC value for the bits in the header 
(if any) and payload fields of each PHY frame and provides CRC bits to multiplexer 
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1104. Multiplexer 1104 receives the information bits, CRC bits, header bits, and pad 
bits (e.g., zeros), and provides these bits in the proper order, as shown in FIG. 6, based 
on a PHY Frame Control signal. The framing function may be bypassed by providing 
the information bits directly through multiplexer 1104. The framed or unframed bits 
(denoted as d x d 2 d 3 d 4 ... ) are provided to scrambler 810. 

5. Scrambling 

[00270] In an embodiment, the data bits for each transport channel are scrambled prior to 

coding. The scrambling randomizes the data so that a long sequence of all ones or all 
zeros is not transmitted. This can reduce the variation in the peak to average power of 
the OFDM waveform. The scrambling may be omitted for one or more transport 
channels and may also be selectively enabled and disabled. 

[00271] FIG. 11A also shows an embodiment of scrambler 810. In this embodiment, 

scrambler 810 implements a generator polynomial: 

G(x) = x 7 +x 4 + x . Eq(22) 

Other generator polynomials may also be used, and this is within the scope of the 
invention. 

[00272] As shown in FIG. 11 A, scrambler 810 includes seven delay elements 1112a 

through 1112g coupled in series. For each clock cycle, an adder 1114 performs 
modulo-2 addition of two bits stored in delay elements 1112d and 1112g and provides a 
scrambling bit to delay element 1 1 12a. 

[00273] The framed/unframed bits (d x d 2 d 3 d 4 ...) are provided to an adder 1116, which 

also receives scrambling bits from adder 1114. Adder 1116 performs modulo-2 
addition of each bit d n with a corresponding scrambling bit to provide a scrambled bit 

q n . Scrambler 810 provides a sequence of scrambled bits, which is denoted as 

#1 #3 #4 • 

[00274] The initial state of the scrambler (i.e., the content of delay elements 1112a 

through 1112g) is set to a 7-bit non-zero number at the start of each TDD frame. The 
three most significant bits (MSBs) (i.e., delay element 1112e through 1112f) are always 
set to one (T) and the four least significant bits (LSBs) are set to the TDD frame 
counter, as indicated in the BCH message. 
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6. Encoding/Puncturing 

[00275] In an embodiment, a single base code is used to code data prior to transmission. 

This base code generates code bits for one code rate. All other code rates supported by 
the system (as listed in Table 25) may be obtained by either repeating or puncturing the 
code bits. 

[00276] FIG. 11B shows an embodiment of encoder 812 that implements the base code 

for the system. In this embodiment, the base code is a rate 1/2, constraint length 7 
(K = 7), convolutional code with generators of 133 and 171 (octal). 

[00277] Within encoder 812, a multiplexer 1120 receives and multiplexes the scrambled 

bits and tail bits (e.g., zeros). Encoder 812 further includes six delay elements 1122a 
through 1122f coupled in series. Four adders 1124a through 1124d are also coupled in 
.series and used to implement the first generator (133). Similarly, four adders 1126a 
through 1126d are coupled in series and used to implement the second generator (171). 
The adders are further coupled to the delay elements in a manner to implement the two 
generators of 133 and 171, as shown in FIG. 11B. 

[00278] The scrambled bits are provided to the first delay element 1122a and to adders 

1124a and 1126a. For each clock cycle, adders 1124a through 1124d perform modulo-2 
addition of the incoming bit and four prior bits stored in delay elements 1122b, 1122c, 
1122e, and 1122f to provide the first code bit for that clock cycle. Similarly, adders 
1 126a through 1 126d perform modulo-2 addition of the incoming bit and four prior bits 
stored in delay elements 1122a, 1122b, 1122c, and 1122f to provide the second code bit 
for that clock cycle. The code bits generated by the first generator are denoted as 
o 1 a 2 a 3 a 4 ..., and the code bits generated by the second generator are denoted as 
b x b 2 b 3 b 4 .... A multiplexer 1128 then receives and multiplexes the two streams of code 
bits from the two generators into a single stream of code bits, which is denoted as 

a \ a 2 ^2 a 3 

b 3 a A b 4 .... For each scrambled bit q n , two code bits a n and b n are 

generated, which results in a code rate of 1/2. 
[00279] FIG. 11B also shows an embodiment of repeat/puncture unit 814 that can be 

used to generate other code rates based on the base code rate of 1/2. Within unit 814, 
the rate 1/2 code bits from encoder 812 are provided to a repeating unit 1132 and a 
puncturing unit 1134. Repeating unit 1132 repeats each rate 1/2 code bit once to obtain 
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an effective code rate of 1/4. Puncturing unit 1 134 deletes some of the rate 1/2 code bits 
based on a specific puncturing pattern to provide the desired code rate. 
[00280] Table 30 lists exemplary puncturing patterns that may be used for the various 

code rates supported by the system. Other puncturing patterns may also be used, and 
this is within the scope of the invention. 



Table 30 



Code Rate 


Puncturing Pattern 


1/2 


11 


7/12 


11111110111110 


5/8 


1110111011 


2/3 


1110 


11/16 


1111101111111010011100 


3/4 


111001 


13/16 


01111011111101110000101100 


5/6 


1110011001 


7/8 


11101010011001 



[00281] To obtain a code rate of kin , puncturing unit 1 134 provides n code bits for each 

group of 2k rate 1/2 code bits received from encoder 812. Thus, 2k -n code bits are 
deleted from each group of 2k code bits. The bits to be deleted from each group are 
denoted by zeros in the puncturing pattern. For example, to obtain a code rate of 7/12, 
two bits are deleted from each group of 14 code bits from encoder 812, with the deleted 
bits being the 8 th and 14 th code bits in the group, as denoted by the puncturing pattern of 
"1 1 1 1 1 1 101 1 1 1 10". No puncturing is performed if the desired code rate is 1/2. 

[00282] A multiplexer 1136 receives the stream of code bits from repeating unit 1132 

and the stream of code bits from puncturing unit 1134. Multiplexer 1136 then provides 
the code bits from repeating unit 1132 if the desired code rate is 1/4 and the code bits 
from puncturing unit 1134 if the desired code rate is 1/2 or higher. 

[00283] Other codes and puncturing patterns besides those described above may also be 

used, and this is within the scope of the invention. For example, a Turbo code, a block 
code, some other codes, or any combination thereof may be used to code data. Also, 
different coding schemes may be used for different transport channels. For example, 
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convolutional coding may be used for the common transport channels, and Turbo 
coding may be used for the dedicated transport channels. 

7. Interleaving 

[00284] In an embodiment, the code bits to be transmitted are interleaved across the 48 
data subbands. For the diversity and beam-steering modes, one stream of code bits is 
transmitted and interleaved across all data subbands. For the spatial multiplexing mode, 
up to four streams of code bits may be transmitted on up to four spatial channels. The 
interleaving may be performed separately for each spatial channel such that each stream 
of code bits is interleaved across all data subbands of the spatial channel used to 
transmit that stream. Table 29 shows an exemplary code bit-subband assignment that 
may be used for the interleaving for all transmission modes. 

[00285] In one embodiment, the interleaving is performed across all 48 data subbands in 
each interleaving interval. For this embodiment, each group of 48 code bits in a stream 
is spread over the 48 data subbands to provide frequency diversity. The 48 code bits in 
each group may be assigned indices of 0 through 47. Each code bit index is associated 
with a respective subband. All code bits with a particular index are transmitted on the 
associated subband. For example, the first code bit (with index 0) in each group is 
transmitted on subband -26, the second code bit (with index 1) is transmitted on 
subband 1, the third code bit (with index 2) is transmitted on subband , -17, and so on. 
This interleaving scheme may be used for the diversity, beam-steering, and spatial 
multiplexing modes. An alternative interleaving scheme for the spatial multiplexing 
mode is described below. 

[00286] The interleaving may alternatively or additionally be performed over time. For 

example, after the interleaving across the data subbands, the code bits for each subband 
may further be interleaved (e.g., over one PHY frame or one PDU) to provide time 
diversity. For the spatial multiplexing mode, the interleaving may also be performed 
over multiple spatial channels. 

[00287] Additionally, interleaving may be employed across the dimensions of the QAM 

symbols such that code bits forming QAM symbols are mapped to different bit positions 
of the QAM symbols. 

8. Symbol Mapping 

[00288] Table 31 shows the symbol mapping for various modulation schemes supported 

by the system. For each modulation scheme (except for BPSK), half of the bits are 
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mapped to an inphase (I) component and the other half of the bits are mapped to a 
quadrature (Q) component. 
[00289] In an embodiment, the signal constellation for each supported modulation 
scheme may be defined based on Gray mapping. With Gray mapping, neighboring 
points in the signal constellation (in both the I and Q components) differ by only one bit 
position. Gray mapping reduces the number of bit errors for more likely error events, 
which corresponds to a received symbol being mapped to a location near the correct 
location, in which case only one code bit would be received in error. 

Table 31 



BPSK 


b 


I 


Q 


0 


-1 


0 


1 


1 


0 



0 



bobi 



00 



01 



11 



10 



000 



001 



011 



QPSK 



-1 



0 



16 QAM 



-1 



00 



01 



11 



10 



64 QAM 



-3 



000 



001 



011 



Q 



Q 



-3 



256 QAM 


b^xbjj^ 


I 




Q 


0000 


-15 


0000 


-15 


0001 


-13 


0001 


-13 


0011 


-11 


0011 


-11 


0010 


-9 


0010 


-9 


0110 


-7 


0110 


-7 


0111 


-5 


0111 


-5 


0101 


-3 


0101 


-3 


0100 


-1 


0100 


-1 


1100 


1 


1100 


1 


1101 


3 


1101 


3 


1111 


5 


1111 


5 


1110 


7 


1110 


7 


1010 


9 


1010 


9 


1011 


11 


1011 


11 


1001 


13 


1001 


13 


1000 


15 


1000 


15 



Normalization Factor K nom 


Modulation Scheme 


Value 
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010 


-1 


010 


-1 


110 


1 


110 


1 


111 
111 




111 

111 


3 


101 


5 


101 


5 


100 


7 


100 


7 



BPSK 


1.0 


QPSK 


1/V2 


16 QAM 


/ 

l/Vio 


64 QAM 


1/V42 


256 QAM 


1/V170 



[00290] The I and Q values, for each modulation scheme shown in Table 31 are scaled by 

a normalization factor K norm so that the average power of all signal points in the 
associated signal constellation is equal to unity. The normalization factor for each 
modulation scheme is shown in Table 31. Quantized values for the normalization 
factors for the supported modulation schemes may also be used. A modulation symbol 
s from a particular signal constellation would then have the following form: 
S = (I + jQ).K norm , 

where I and Q are the values in Table 31 for the signal constellation. 

[00291] For a given PDU, the modulation may be different across the PDU and may be 

different for multiple spatial channels used for data transmission. For example, for the 
BCH PDU, different modulation schemes may be used for the beacon pilot, the MIMO 
pilot, and the BCH message. 

9. Processing for Spatial Multiplexing Mode 

[00292] For the spatial multiplexing mode, a PDU may be transmitted over multiple 

spatial channels. Various schemes may be used to process data for transmission over 
multiple spatial channels. Two specific processing schemes for the spatial multiplexing 
mode are described below. 

[00293] In the first processing scheme, coding and puncturing are performed on a per 

spatial channel basis to achieve the desired code rate for each spatial channel. The N E 
spatial channels to use for data transmission are ranked from the highest to lowest 
received SNR. The data for the entire PDU is first coded to obtain a stream of rate 1/2 
code bits. The code bits are then punctured to obtain the desired code rate for each 
spatial channel. 

[00294] The puncturing may be performed in sequential order for the N E spatial 

channels, from the best (i.e., highest SNR) to the worst (i.e., lowest SNR) spatial 
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channel. In particular, the puncture unit first performs puncturing for the best spatial 
channel with the highest received SNR. When the correct number of code bits have 
been generated for the best spatial channel, the puncture unit then performs puncturing 
for the second best spatial channel with the next highest received SNR. This process 
continues until the code bits for all Ne spatial channels are generated. The order for 
puncturing is from the largest to smallest received SNR, regardless of the specific code 
rate used for each spatial channel. 
[00295] For the example shown in Table 28, the 3456 information bits to be transmitted 

in the overall PHY frame are first coded with the rate 1/2 base code to obtain 6912 code 
bits. The first 3168 code bits are punctured using the puncturing pattern for code rate 
11/16 to obtain 2304 code bits, which are provided in the PHY frame for the first 
spatial channel. The next 2592 code bits are then punctured using the puncturing 
pattern for code rate 3/4 to obtain 1728 code bits, which are provided in the PHY frame 
for the second spatial channel. The next 864 code bits are then punctured using the 
puncturing pattern for code rate 3/4 to obtain 576 code bits, which are provided in the 
PHY frame for the third spatial channel. The last 288 code bits for the PHY frame are 
then punctured using the puncturing pattern for code rate 1/2 to obtain 288 code bits, 
which are provided in the PHY frame for the last spatial channel. These four individual 
PHY frames are further processed and transmitted on the four spatial channels. The 
puncturing for the next overall PHY frame is then performed in similar manner. The 

first processing scheme may be implemented by TX data processor 710b in FIG. 9A. 

> 

[00296] In the second processing scheme, the coding and puncturing are performed for 

pairs of subbands. Moreover, the coding and puncturing are cycled through all selected 
spatial channels for each pair of subbands. 

[00297] FIG. 11C shows a block diagram that illustrates a TX data processor 710d that 

implements the second processing scheme. Encoder 812 performs rate 1/2 
convolutional encoding of the scrambled bits from scrambler 810. Each spatial channel 
is assigned a particular rate, which is associated with a specific combination of code rate 
and modulation scheme, as shown in Table 25. Let b m denote the number of code bits 
per modulation symbol for spatial channel m (or equivalently, the number of code bits 
sent on each data subband of spatial channel m) and r m denote the code rate used for 
spatial channel m. The value for b m is dependent on the constellation size of the 
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modulation scheme used for spatial channel m. In particular, b m = 1, 2, 4, 6 and 8 for 
BPSK, QPSK, 16-QAM, 64-QAM and 256-QAM, respectively. 
[00298] Encoder 812 provides a stream of rate 1/2 code bits to demultiplexer 816, which 

demultiplexes the received code bit stream into four substreams for the four spatial 
channels. The demultiplexing is such that the first Ab x r x code bits are sent to buffer 
813a for spatial channel 1, the next 4b 2 r 2 code bits are sent to buffer 813b for spatial 
channel 2, and so on. Each buffer 813 receives 4b m r m code bits each time demultiplexer 

4 

816 cycles through all four spatial channels. A total of b tQtal -^4b m r m rate 1/2 code 

bits are provided to the four buffers 813a through 813d for each cycle. Demultiplexer 
816 thus cycles through all four positions for the four spatial channels for every b total 

code bits, which is the number of code bits that can be sent on a pair of subbands using 
all four spatial channels. 
[00299] Once each buffer 813 has been filled with 4b m r m code chips for the associated 

spatial channel, the code bits in the buffer are punctured to obtain the code rate for that 
spatial channel. Since 4b m r m rate 1/2 code bits span an integer number of puncturing 

periods for each puncturing pattern, exactly 2b m code bits are provided after the 
puncturing for each spatial channel m. The 2b m code bits for each spatial channel are 
then distributed (interleaved) over the data subbands. 
[00300] In an embodiment, the interleaving is performed for each spatial channel in 

groups of 6 subbands at a time. The code bits after the puncturing for each spatial 
channel may be numbered sequentially as c i , for i = 0, 1, 2, ... . A counter C m may be 
maintained for each spatial channel to count every group of 6b m code bits provided by 
the puncturing unit for that spatial channel. For example, for QPSK with b m =2, the 
counter would be set to C m = 0 for code bits c 0 through c n provided by the puncturing 
unit, C m = 1 after code bits c l2 through c 23 , and so on. The counter value C m for 
spatial channel m may be expressed as: 

C m =L//(6ib m )Jmod8 . Eq(23) 
[00301] To determine the subband to which code bit c i is assigned, the bit index for the 

code bit is first determined as follows: 
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bit index = (i mod6) + 6 • C m . Eq (24) 

The bit index is then mapped to the corresponding subband using Table 29. 
[00302] For the example above, the first group of 6 code bits c 0 through c 5 is associated 

with bit indices 0 through 5, respectively, the second group of 6 code bits c 6 through 
c n is also associated with bit indices 0 through 5, respectively. Code bits c Q and c 6 
would be mapped to subband -26, code bits q and c 7 would be mapped to subband 1, 
and so on, as shown in Table 29. The spatial processing may then commence for this 
first group of 6 subbands. The third group of 6 code bits c n through c 17 (with C m =1) 
is associated with bit indices 6 through 11, respectively, and the fourth group of 6 code 
bits c ls through is also associated with bit indices 6 through 11, respectively. Code 
bits c 12 and c 18 would be mapped to subband -25, code bits c 13 and c 19 would be 

mapped to subband 2, and so on. The spatial processing may then commence for this 
next group of 6 subbands. 

[00303] The number 6 in equation (24) comes from the fact that the interleaving is 

performed in groups of six subbands. The (mod 8) operation in equation (23) comes 
from the fact that there are eight interleaving groups for the 48 data subbands. Since 
each cycle of demultiplexer 816 shown in FIG. 11C produces enough code bits to fill 
two subbands for each wideband eigenmode, a total of 24 cycles are needed to provide 
the 48b M code bits for one OFDM symbol for each spatial channel. 

[00304] The interleaving in groups of 6 subbands at a time can reduce processing delays. 

In particular, the spatial processing can commence once each group of 6 subbands is 
available. 

[00305] In alternative embodiments, the interleaving may be performed for each spatial 

channel in groups of N B subbands at a time, where N B may be any integer (e.g., Nb may 
be equal to 48 for interleaving over all 48 data subbands). 
VI. Calibration 

[00306] For a TDD system, the downlink and uplink share the same frequency band in a 

time division duplexed manner. In this case, a high degree of correlation typically 
exists between the downlink and uplink channel responses. This coirelation may be 
exploited to simplify the channel estimation and spatial processing. For a TDD system, 
each subband of the wireless link may be assumed to be reciprocal. That is, if H(£) 
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represents the channel response matrix from antenna array A to antenna array B for 
subband k, then a reciprocal channel implies that the coupling from array B to array A is 
given by the transpose of H(£) , which is H r (/c) . 

[00307] However, the responses (gain and phase) of the transmit and receive chains at 
the access point are typically different from the responses of the transmit and receive 
chains at the user terminal Calibration may be performed to determine the difference in 
the frequency responses of the transmit/receive chains at the access point and user 
terminal, and to account for the difference, such that the calibrated downlink and uplink 
responses can be expressed in terms of each other. Once the transmit/receive chains 
have been calibrated and accounted for, a measurement for one link (e.g., the downlink) 
may be used to derive steering vectors for the other link (e.g., the uplink). 

[00308] The "effective" downlink and uplink channel responses, H^(k) and H up (Jt), 

which include the responses of the applicable transmit and receive chains at the access 
point and user terminal, may be expressed as: 

= R ut WH(A:)T ap W , for ke K, and Eq (25) 

E nv (k) = R av (m T (k)T ut (k) JorkeK, 

where T ap (£) and R ap (k) are N ap xN ap diagonal matrices with entries for the 

complex gains associated with the transmit chain and receive chain, 
respectively, for the N ap antennas at the access point for subband k; 

T ut (k) and R ut (k) are N ut xN ut diagonal matrices with entries for the complex 
gains associated with the transmit chain and receive chain, respectively, 
for the N ut antennas at the user terminal for subband k; and 

H(fc) is an N ut x N ap channel response matrix for the downlink. 

[00309] Combining the two equations in equation set (25), the following relationship 

may be obtained: ) 

H up (*)K* (*) = (H^ (*)K ap (k)) T , for * € £ , Eq (26) 

where K ut (*) = T J (&)R ut (*) and K ap (*) = Tj (^)R ap (Jfc) . 

[00310] The left-hand side of equation (26) represents the "true" calibrated channel 

response on the uplink, and the right-hand side represents the transpose of the "true" 
calibrated channel response on the downlink. The application of the diagonal matrices 



WO 2004/039011 PCT/US2003/034514 

82 

K ap (&) and K ut (fc) to the effective downlink and uplink channel responses, 
respectively, as shown in equation (26), allows the calibrated channel responses for the 
downlink and uplink to be expressed as transposes of each other. The (N ap xN ap ) 

diagonal matrix K ap (k) for the access point is the ratio of the receive chain response 

R ap (£) to the transmit chain response T ap (£) (i.e., K ap (k) = ~ ap — ), where the ratio 

T ap (k) 

is taken element-by-element. Similarly, the (N ut xN ut ) diagonal matrix K ut (k) for the 
user terminal is the ratio of the receive chain response R u£ (k) to the transmit chain 
response T ut (k) . 

[00311] The matrices K ap (fc) and K ut (fc) include values that can account for 

differences in the transmit/receive chains at the access point and the user terminal. This 
would then allow the channel response for one link to be expressed by the channel 
response for the other link, as shown in equation (26). 
[00312] Calibration may be performed to determine the matrices K ap (k) and K ut (£). 

Typically, the true channel response H(£) and the transmit/receive chain responses are 
not known nor can they be exactly or easily ascertained. Instead, the effective downlink 
and uplink channel responses, U^(k) and H up (£), may be estimated based on pilots 
sent on the downlink and uplink, respectively, as described below. Estimates of the 
matrices K ap (k) and K ut (k) , which are referred to as correction matrices K ap (fc) and 
K ut (k) , may then be derived based on the downlink and uplink channel response 
estimates, (k) and H up (fc), as described below. The matrices K ap (fc) and K ut (k) 

include correction factors that can account for differences in the transmit/receive chains 
at the access point and the user terminal. 
[00313] The "calibrated" downlink and uplink channel responses observed by the user 
terminal and the access point, respectively, may then be expressed as: 
H cdn (*) = H dn (fc)K ap (k) 9 for k e K , and Eq (27) 

H cup (fc) = H up (/:)K ut (^) , for ke 
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where H^fc) and H cup (£) are estimates of the "true" calibrated channel response 
expressions in equation (26). Combining the two equations in equation set (27) using 
the expression in equation (26), it can be shown that H cup (fc) «H[ dn (fc) . The accuracy 

of the relationship H cup (£) ^H^fc) is dependent on the accuracy of the matrices 

K ap (k) and K ut (k) , which in turn is typically dependent on the quality of the downlink 

and uplink channel response estimates, H^Cfc) and H up (fc) . 

[00314] The calibration may be performed using various schemes. For clarity, a specific 

calibration scheme is described below. To perform the calibration, the user terminal 
initially acquires the timing and frequency of the access point based on the beacon pilot 
transmitted on the BCH. The user terminal then sends a message on the RACH to 
initiate a calibration procedure with the access point. The calibration may be performed 
in parallel with registration/ authentication. 

[00315] Since the frequency responses of the transmit/receive chains at the access point 

and user terminal are typically flat over most of the band of interest, the phase/gain 
differences of the transmit/receive chains may be characterized with a small number of 
; * subbands. The calibration may be performed for 4, 8, 16, 48 or some other number of 
subbands, which may be specified in the message sent to initiate the calibration. 
Calibration may also be performed for the pilot subbands. Calibration constants for 
subbands on which calibration is not explicitly performed may be computed by 
interpolation on calibrated subbands. For clarity, the following assumes that calibration 
is performed for all data subbands. 

[00316] For the calibration, the access point allocates to the user terminal a sufficient 

amount of time on the RCH to send an uplink MMO pilot of sufficient duration plus a 
, message. The duration of the uplink MIMO pilot may be dependent on the number of 
subbands over which calibration is performed. For example, 8 OFDM symbols may be 
sufficient if calibration is performed for four subbands, and more (e.g., 20) OFDM 
symbols may be needed for more subbands. The total transmit power is typically fixed, 
so if the MIMO pilot is transmitted on a small number of subbands, then higher amounts 
of transmit power may be used for each of these subbands and the SNR for each 
subband is high. Conversely, if the MIMO pilot is transmitted on a large number of 
subbands then smaller amounts of transmit power may be used for each subband and the 
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SNR for each subband is worse. If the SNR of each subband is not sufficiently high, 
then more OFDM symbols may be sent for the MIMO pilot and integrated at the 
receiver to obtain a higher overall SNR for the subband. 
[00317] The user terminal then transmits a MIMO pilot on the RCH, which is used by 

the access point to derive an estimate of the effective uplink channel response, H up (fc) , 

for each of the data subbands. The uplink channel response estimates are quantized 
(e.g., to 12-bit complex values, with inphase (I) and quadrature (Q) components) and 
sent to the user terminal. 
[00318] The user terminal also derives an estimate of the effective downlink channel 

response, H^W, for each of the data subbands based on the downlink MIMO pilot 
sent on the BCH. Upon obtaining the effective uplink and downlink channel response 
estimates, BL n (&) and HL(&), for all data subbands, the user terminal determines 

up U 1 

correction factors, K ap (k) and K ut (k) , for each of the data subbands, which are to be 
. used by the access point and user terminal, respectively. A correction vector k ap (k) 
may be defined to include only the diagonal elements of K ap (k) , and a correction 

vector k ut (k) may be defined to include only the diagonal elements of K ut (k) . 
[00319] The correction factors may be derived in various manners, including by a 

matrix-ratio computation and an MMSE computation. Both of these computation 

methods are described in further detail below. Other computation methods may also be 

used, and this is within the scope of the invention. 
1. Matrix-Ratio Computation 
[00320] To determine the correction vectors k ap (£) and k ut (k) given the effective 

downlink and uplink channel response estimates, H^fc) and H up (&), an (N ut xN ap ) 
matrix C(k) is first computed for each data subband, as follows: 

C(k) = =^- ,for ke K , Eq(28) 

where the ratio is taken element-by-element. Each element of C(£) may thus be 
computed as: 
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c (fc) = ipi^ ,fori = {l... NJmd NJ, Eq (29) 

,; W*) 

where h opiJ (k) is the (i, j)-th (row, column) element of H^,(fc) , h^ u (k) is the (/,;)- 
th element of H dn (^) , and c tJ (k) is the )-th element of C(fc) . 
[00321] The correction vector k ap (fe) for the access point is then equal to the mean of 

the normalized rows of C(k) . Each row of C(k) is first normalized by scaling each of 
the N ap elements in the row with the first element in the row. Thus, if 
c, (k) = [c i ... c ltN (it)] is the i-th row of C(fc) , then the normalized row c,(fc) may 
be expressed as: 

c f (*)«[c u (*)/c u (*) ... CiJ (k)/c ul (k) ... c itN Jk)/c tA (k)] . Eq(30) 
The mean of the normalized rows is then the sum of the N ut normalized rows divided 
by N ut , which may be expressed as: 

i ap (k)=-^-f J c i (k) JoxkeK. Eq(31) 

Because of the normalization, the first element of k ap (k) is unity. 
[00322] The correction vector k ut (k) for the user terminal is equal to the mean of the 

/ inverses of the normalized columns of C(k) . The 7-th column of C(k) is first 

normalized by scaling each element in the column with the ;'-th element of the vector 
k ap (fc) , which is denoted as K apJ j (k). Thus, if c,(fc) = [c u (fc) ... c MafJ (k)f is thej-th 
column of C(k) , then the normalized column i/fc) may be expressed as: 

^W-M*)/!^,/*) ... c (J (k)/ K^ik) ... c NaJ (k)/K avJJ (k)f. Eq(32) 
The mean of the inverses of the normalized columns is then the sum of the inverses of 
the N ap normalized columns divided by N ap , which may be expressed as: 

where the inversion of the normalized columns, ^(k) , is performed element- wise. 
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2. MMSE Computation 

[00323] For the MMSE computation, the correction factors K ap (&) and K ut (fc) are 

derived from the effective downlink and uplink channel response estimates, H dn (&) and 
H (Jfc), such that the mean square error (MSE) between the calibrated downlink 
channel response and the calibrated uplink channel response is minimized. This 
condition may be expressed as: 

min |(H to (fc)K ap (J0) T - (H up «K ut (fc))| ' , for k 6 K , Eq (34) 

which may also be written as: 



mm 



K ap WSla)-H up (fe)K ut (fe) 



, f or k G K , 



where K ap (fc) = K ap (fc) since K ap (fc) is a diagonal matrix. 
[00324] Equation (34) is subject to the constraint that the lead element of K ap (fc) is set 

equal to unity (i.e., K apA0 (*) = 1 ). Without this constraint, the trivial solution would be 
obtained with all elements of the matrices K ap (fc) and K u (k) set equal to zero. In 
equation (34), a matrix Y(k) is first obtained as Y(k) = K ap (k)H An (k) - H up (k)K ut (k) . 
The square of the absolute value is next obtained for each of the N ap • N m entries of the 
matrix Y(k) . The mean square error (or the square error, since a divide by N ap ■ N m is 
omitted) is then equal to the sum of all N ap • N ut squared values. 

[00325] The MMSE computation is performed for each designated subband to obtain the 

collection factors K ap (fc) and K nt (k) for that subband. The MMSE computation for 
one subband is described below. For simplicity, the subband index, k, is omitted in the 
following description. Also for simplicity, the elements of the downlink channel 
response estimate are denoted as {fl, 7 } , the elements of the uplink channel response 
estimate H up are denoted as {by}, the diagonal elements of the matrix K ap are denoted 
as {u,}, and the diagonal elements of the matrix K ut are denoted as {v y .}, where 
r={l ... N ap } and ;={1 ... NJ. 

[00326] The mean square error may be rewritten from equation (34), as follows: 
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N,„ N ap 

j=i i=i 



Eq (35) 



again subject to the constraint u, = 1 . The minimum mean square error may be obtained 
by taking the partial derivatives of equation (35) with respect to u and v and setting the 
partial derivatives to zero. The results of these operations are the following equation 
sets: 



f>^-V;)'%=° ,forie{2 ... iV flp },and 



Eq (36a) 



£(a^ - fy>;K = 0 • for -> e <* - N »> ] ■ Eq (36b) 

In equation (36a), u, =1 so there is no partial derivative for this case, and the index i 
runs from 2 through N ap . 
[00327] The set of (N ap +N ut -1) equations in equation sets (36a) and (36b) may be 

more conveniently expressed in matrix form, as follows: 
Ay = z , 



Eq(37) 



where 
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[00328] The matrix A includes (N ap +N ttt -1) rows, with the first N ap -l rows 

corresponding to the N ap -1 equations from equation set (36a) and the last N ut rows 
corresponding to the N ut equations from equation set (36b). In particular, the first row 
of the matrix A is generated fr6m equation set (36a) with i = 2, the second row is 
generated with i = 3 , and so on. The N ap -th row of the matrix A is generated from 
equation set (36b) with j = l, and so on, and the last row is generated with j = N ut . As 
shown above, the entries of the matrix A and the entries of the vector z may be 

obtained based on the entries in the matrices and H up . 
[00329] The correction factors are included in the vector y , which may be obtained as: 

y = A~*z . Eq(38) 

[00330] The results of the MMSE computation are correction matrices K ap and K ut that 

minimize the mean square error in the calibrated downlink and uplink channel 
responses, as shown in equation (34). Since the matrices K ap and K ut are obtained 

based on the downlink and uplink channel response estimates, and H up , the quality 

of the correction matrices K ap and K ut are thus dependent on the quality of the channel 

estimates H dn and H up . The MEMO pilot may be averaged at the receiver to obtain 

more accurate estimates for H dn and H up . 

[00331] The correction matrices, K ap and K ut , obtained based on the MMSE 

computation are generally better than the correction matrices obtained based on the 
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matrix-ratio computation. This is especially true when some of the channel gains are 
small and measurement noise can greatly degrade the channel gains. 
3. Post Computation 

[00332] A pair of correction vectors, k ap (k) and k ut (k) , may be determined for each of 

the data subbands. Since adjacent subbands are likely to be correlated, the computation 
may be simplified. For example, the computation may be performed for every /z-th 
subband instead of each subband, where n may be determined by the expected response 
of the transmit/receive chains. If the calibration is performed for fewer than all of the 
data and pilot subbands, then the correction factors for the "uncalibrated" subbands may 
be obtained by interpolating the correction factors obtained for the "calibrated" 
subbands. 

[00333] Various other calibration schemes may also be used to derive the correction 

vectors, k ap (k) and k ut (k) , for the access point and the user terminal, respectively. 

However, the scheme described above allows "compatible" correction vectors to be 
derived for the access point when the calibration is performed by different user 
terminals. 

[00334] After the derivation, the user terminal sends the correction vectors k ap (k) for all 

data subbands back to the access point. If the access point has already been calibrated 
(e.g., by other user terminals), then the current correction vectors are updated with the 
newly received correction vectors. Thus, if the access point uses correction vectors 

k apl (£) to transmit the MEMO pilot from which the user terminal determines new 

correction vectors k ap2 (£), then the updated correction vectors are the product of the 

current and new correction vectors, i.e., k ap3 (k) = k apl (k) • k ap2 (k) , where the 

multiplication is element-by-element. The updated correction vectors k ap3 (k) may then 
be used by the access point until they are updated again. 
[00335] The correction vectors k apl (£) and k ap2 (&) may be derived by the same or 

different user terminals. In one embodiment, the updated correction vectors are defined 
as k ap3 (^)=k apl (^)-k ap2 (^), where the multiplication is element-by-element. In 
another embodiment, the updated correction vectors may be redefined as 
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k ap3 (&) = tpi(^)'t^ 2 ( fc ) » where « is a factor used to provide weighted averaging (e.g., 
0 < a < 1 ). If the calibration updates are infrequent, then □ close to one might perform 
best. If the calibration updates are frequent but noisy, then a smaller value for □ is 
better. The updated correction vectors k ap3 (k) may then be used by the access point 
until they are updated again. 
[00336] The access point and user terminal use their respective correction vectors k ap (k) 

an d kut(&)> °r the corresponding correction matrices K ap (£) and K ut (£), for ke K , 
to scale the modulation symbols prior to transmission, as described below. The 
calibrated downlink and uplink channels that the user terminal and access point observe 
are shown in equation (27). 
VII. Spatial Processing 
[00337] The spatial processing at the access point and user terminal may be simplified 

for a TDD system, after calibration has been performed to account for the difference in 
the transmit/receive chains. As noted above, the calibrated downlink channel response 
is H C dn(^) = H dn (^)K ap (A;). The calibrated uplink channel response is 

H cup (k) = H up (*)K ut (k) ~ (H dn (£)K ap (k)) T . 

1. Uplink Spatial Processing 
[00338] Singular value decomposition of the calibrated uplink channel response matrix, 

H cup (£) , may be expressed as: 

H cup W = U ap (^)EWVfW JorkeK, Eq (39) 

where U ap (k) is an (N ap x N op ) unitary matrix of left eigenvectors of H cup (k) ; 
Z(k) is an (N ap xN ut ) diagonal matrix of singular values of H cup (&) , and 
V ut (fc) is an (N ul xN m ) unitary matrix of right eigenvectors of H cup (jfc) . 
[00339] Correspondingly, singular value decomposition of the calibrated downlink 

channel response matrix, H cdn (£) , may be expressed as: 

Ec^(k) = V u (k)mM p (k) JorkeK. Eq (40) 

The matrices V* t (£) and U ap (£) are also matrices of left and right eigenvectors, 
respectively, of H cdn (£) . As shown in equations (39) and (40) and based on the above 
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description, the matrices of left and right eigenvectors for one link are the complex 
conjugate of the matrices of right and left eigenvectors, respectively, for the other link. 
The matrices V ut (fc), V*(*)> Y*(*), and Vj(*) are different forms of the matrix 
V ut (k) , and the matrices U ap (k) , U * p (k) , (k) , and Uf p (k) are also different forms 
of the matrix U ap (k) . For simplicity, reference to the matrices U ap (&) and V ut (£) in 
the following description may also refer to their various other forms. The matrices 
U ap (£) and V ut (£) are used by the access point and user terminal, respectively, for 
spatial processing and are denoted as such by their subscripts. The eigenvectors are also 
often referred to as "steering" vectors. 
[00340] The user terminal can estimate the calibrated downlink channel response based 

on the MIMO pilot sent by the access point. The user terminal can then perform the 
singular value decomposition of the calibrated downlink channel response estimate 
Hcdn(*0 > for ke K ,to obtain the diagonal matrix t(k) and the matrix V* (k) of left 
eigenvectors of H cdn (&). This singular value decomposition may be given as 
HcdnW = YutWlWnlpW, where the hat (" A ") above each matrix indicates that it is 

an estimate of the actual matrix. 
[00341] Similarly, the access point can estimate the calibrated uplink channel response 

based on a MIMO pilot sent by the user terminal. The access point may then perform 
singular value decomposition for the calibrated uplink channel response estimate 

H cup (fc) , for ke K , to obtain the diagonal matrix t(k) and the matrix U ap (£) of left 

eigenvectors of H cup (fc). This singular value decomposition may be given as 

flc,(*)=iLp(*)&*)$^(*). 

[00342] An (N ut xN ut ) matrix F ut (k) may be defined as: 

= , for k e K . Eq (41) 

While it is active, the user terminal keeps a running estimate of the calibrated downlink 
channel H cdG (fc) and the matrices V ut (k) of left eigenvectors of H cdn (fc), which are 
used to update the matrix F ut (k) . 
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[00343] The user terminal uses the matrix F ut (k) for the spatial processing for the beam- 
steering and spatial multiplexing modes. For the spatial multiplexing mode, the 
transmit vector X™, (k) for each subband may be expressed as: 

up 

x up (k) - F ut (*)s up (k) , for k 6 K , Eq (42) 

where s up (fc) is a data vector with up to N s symbols to be transmitted on the N s 

eigenmodes of subband t, 
F ut (fc) substitutes for Y(k) in equation (15), and the signal scaling by G(k) to 

achieve channel inversion is omitted in equation (42) for simplicity; and 
x up (k) is the transmit vector for the uplink for subband k. 
[00344] At the access point, the received vector r up (fc) for the uplink transmission may 

be expressed as: 

r up (fc) =H up (£)x up (fc) + n up (fc) JovkeK, Eq (43) 

= H up (k)K m (*)$„ (k)s vp (*) + n up (k) 

-fiUWi*^ (*)+&,(*) 

= U ap (k)t(k)±" t (k)± ut (k)s np (k) + n up (k) 

= U ap »)s„ p (^) + n up (^) 
where r up (k) is the received vector for the uplink subband k; and 

n up (k) is additive white Gaussian noise (AWGN) for subband k. 

Equation (43) uses the following relationships: H up (£)K ut (£) = H cup (A;) «H cup (fc) and 
H cup (fc) = nap(fc)!(fc)Ym(fc)- As shown in equation (43), at the access point, the 
received uplink transmission is transformed by U ap (^)E(fe) , which is the matrix U ap (fc) 
of left eigenvectors of H cup (k) scaled by the diagonal matrix t(k) of singular values. 
[00345] The user terminal transmits a steered reference on the uplink using the matrix 

F ut (k) . The steered reference is a pilot transmission on one wideband eigenmode using 
either beam-steering or beam-forming, and is described in detail below. At the access 
point, the received uplink steered reference (in the absence of noise) is approximately 
U ap (£)£(£) . The access point can thus obtain an estimate of the unitary matrix U ap (fc) 
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and diagonal matrix t(k) based on the steered reference sent by the user terminal. 

Various estimation techniques may be used to obtain the estimate of the unitary and 
diagonal matrices. 

[00346] In one embodiment, to obtain an estimate of U ap (&) , the received vector r m (k) 
for the steered reference for subband k of wideband eigenmode m is first multiplied with 
the complex conjugate of a pilot OFDM symbol, p\k) , sent for the steered reference. 
The generation of the steered reference and the pilot OFDM symbol are described in 
detail below. The result is then integrated over multiple received steered reference 
symbols for each wideband eigenmode to obtain an estimate of n m (k)a m (k) , which is a 
scaled left eigenvector of H cup (£) for wideband eigenmode m. Since eigenvectors have 
unit power, the singular values (or cr m (k)) in t(k) may be estimated based on the 

received power of the steered reference, which can be measured for each subband of 
each wideband eigenmode. 

[00347] In another embodiment, an MMSE technique is used to obtain an estimate of 

n m (k) based on the received vector r m (k) for the steered reference. 

[00348] The steered reference may be sent for one wideband eigenmode in any given 

symbol period, and may in turn be used to obtain an estimate of one eigenvector for 
each subband of that wideband eigenmode. Thus, the receiver is able to obtain an 
estimate of one eigenvector in a unitary matrix for any given symbol period. Since 
estimates of multiple eigenvectors for the unitary matrix are obtained over different 
symbol periods, and due to noise and other sources of degradation in the transmission 
path, the estimated eigenvectors for the unitary matrix are not likely be orthogonal. If 
the estimated eigenvectors are thereafter used for spatial processing of data transmission 
on the other link, then any errors in orthogonality in these estimated eigenvectors would 
result in cross-talk among the eigenmodes, which may degrade performance. 

[00349] In an embodiment, the estimated eigenvectors for each unitary matrix are forced 

to be orthogonal to each other. The orthogonalization of the eigenvectors may be 
achieved using various techniques such as QR factorization, minimum square error 
computation, polar decomposition, and so on. QR factorization decomposes a matrix 
M r (with non-orthogonal columns) into an orthogonal matrix Q p and an upper triangle 
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matrix R F . The matrix Q F forms an orthogonal basis for the columns of M 7 . The 

diagonal elements of R F give the length of the components of the columns of M r in 

the directions of the respective columns of Q F . The matrix Q F may be used for spatial 

processing on the downlink. The matrices Q F and R F may be used to derive an 

enhanced matched filter matrix for the uplink. The QR factorization may be performed 
by various methods including a Gram-Schmidt procedure, a householder 
transformation, and so on. 
[00350] Other techniques to estimate the unitary and diagonal matrices based on the 

steered reference may also be used, and this is within the scope of the invention. 

[00351] The access point can thus estimate both U ap (£) and based on the steered 

reference sent by the user terminal, without having to perform singular value 
decomposition on H cup (k) . 

[00352] A normalized matched filter matrix M ap (k) for the uplink transmission from the 

user terminal may be expressed as: 

M ap (fc) = ±~\k)j£ p (k) JoxkeK. Eq (44) 

The matched filtering at the access point for the uplink transmission may then be 
expressed as: 

k p (k) =M ap (&)r up (fc) 

= l"\*)^(*X^(*^*)i,(*)+!l v (t)) JorkeK, Eq(45) 
= s up (fc) + fi up (fc) 

where s up (£) is an estimate of the vector of modulation symbols s up (k) transmitted by 

the user terminal for the spatial multiplexing mode. For the beam-steering mode, only 
one row of the matrix M ap (k) is used to provide one symbol estimate s(k) for the 

eigenmode used for data transmission. 

2. Downlink Spatial Processing 
[00353] For the downlink, the access point uses an (N ap xN ap ) matrix F ap (£) for spatial 

processing. This matrix may be expressed as: 

F ap (£) = K ap (k)V a? (k) JorkeK. Eq (46) 
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The correction matrix K ap (£) is derived by the user terminal and sent back to the access 

point during calibration. The matrix U ap (fc) may be obtained based on the steered 

reference sent on the uplink by the user terminal. 
[00354] For the spatial multiplexing mode, the transmit vector x^ik) for the downlink 

for each data subband may be expressed as: 

x dn (*) = F ap (*)s. d „(*) JorkGK, Eq(47) 

where X^Qc) is the transmit vector, s^k) is the data vector for the downlink, and the 
signal scaling by G(k) to achieve channel inversion is again omitted for simplicity. 
[00355] At the user terminal, the received vector r dn (&) for the downlink transmission 

may be expressed as: 

=H dn (fc)x dn (A:)+n dn (fc) 

= H dn (*)K ap (k)$l p (k)s dn (k) + n dn (*) 

- Scan (*)£!>)§dn(*) + Bdn <*) 

= il (k)±(k)Ul (k)Ul p (*) + n dn (k)) 

= Yl(fe)|(fc)s dn W+n dn (fe) JovkeK. Eq (48) 

As shown in equation (48), at the user terminal, the received downlink transmission is 

transformed by V* ut (£)!(£) , which is the matrix V ut (fc) of left eigenvectors of H cdn (fc) 
scaled by the diagonal matrix E(&) of singular values. 
[00356] A normalized matched filter matrix M ut (fc) for the downlink transmission from 

the access point may be expressed as: 

MJk) = £~\k)\ vt (k) JovkeK. Eq (49) 

The diagonal matrix E(£) and matrix V ut (£) of left eigenvectors can be derived by the 
user terminal by performing singular value decomposition on the calibrated downlink 
channel response estimate H cdn (£) , as described above. 
[00357] The matched filtering at the user terminal for the downlink transmission may 

then be expressed as: 
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!*(*) =M ut (fc)r dn (fc) 

= I"' (*)£ (*X$* (k)t(k)s ia (*) + n dn (*)) , for k e K . Eq (50) 

3. Access Point and User Terminal Spatial Processing 
[00358] Because of the reciprocal channel for the TDD system and the calibration, the 
spatial processing at both the access point and the user terminal may be simplified. 
Table 32 summarizes the spatial processing at the access point and user terminal for 
data transmission and reception. 



Table 32 





Uplink 


Downlink 


User 
Terminal 


Transmit : 

^(fc)4utWYut(%pW 


Receive : 
s dn (fe) = r 1 (A:)vI t (fe)r dn (fc) 


Access 
Point 


Receive : 


Transmit : 



The spatial processing for data reception is also commonly referred to as matched 
filtering. 

[00359] Because of the reciprocal channel, V ut (fc) is both the matrix of right 

eigenvectors of H cup (fc) (to transmit) and left eigenvectors of H cdn (fc) (to receive) for 
the user terminal. Similarly, U ap (£) is both the matrix of right eigenvectors of H cdn (fc) 
(to transmit) and left eigenvectors of H cup (fc) (to receive) for the access point. The 
singular value decomposition only needs to be performed by the user terminal for the 
calibrated downlink channel response estimate H cdn (£) to obtain V ut (&) and t(k) . 

The access point can derive U ap (£) and l(k) based on the steered reference sent by the 
user terminal and does not need to perform the singular value decomposition on the 
uplink channel response estimate H cup (£). The access point and user terminal may 
have different versions of the matrix l(k) due to the different means used by the access 
point and user terminal to derive l(k) . Moreover, the matrix U ap (&) derived by the 
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access point based on the steered reference is typically different from the matrix U ap (fc) 

derived by the user terminal using singular value decomposition. For simplicity, these 
differences are not shown in the above derivation. 
4. Beam-Steering 

[00360] For certain channel conditions, it is better to transmit data on only one wideband 

eigenmode - typically the best or principal wideband eigenmode. This may be the case 
if the received SNRs for all other wideband eigenmodes are sufficiently poor so that 
improved performance is achieved by using all of the available transmit power on the 
principal wideband eigenmode. 

[00361] Data transmission on one wideband eigenmode may be achieved using either 

beam-forming or beam-steering. For beam-forming, the modulation symbols are 
spatially processed with the eigenvectors v uU (fc) or u apl (fc), for keK, for the 

/\ /\ 

principal wideband eigenmode (i.e., the first column of V ut (fc) or U ap (fc), after the 
ordering). For beam-steering, the modulation symbols are spatially processed with a set 
of "normalized" (or "saturated") eigenvectors v ut (k) or u ap (fc), for ke K , for the 

principal wideband eigenmode. For clarity, beam-steering is described below for the 
uplink. 

[00362] For the uplink, the elements of each eigenvector v uU (&), for ke K , for the 

principal wideband eigenmode may have different magnitudes. Thus, the 
preconditioned symbols for each subband, which are obtained by multiplying the 
modulation symbol for subband k with the elements of the eigenvector v utl (k) for 

subband fe, may then have different magnitudes. Consequently, the per-antenna transmit 
vectors, each of which includes the preconditioned symbols for all data subbands for a 
given transmit antenna, may have different magnitudes. If the transmit power for each 
transmit antenna is limited (e.g., because of limitations of power amplifiers), then beam- 
forming may not fully use the total power available for each antenna. 
[00363] Beam-steering uses only the phase information from the eigenvectors i ut>1 (fc), 

for k e K , for the principal wideband eigenmode and normalizes each eigenvector such 
that all elements in the eigenvector have equal magnitudes. The normalized eigenvector 
v ut (k) for subband k may be expressed as: 
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f ut (k) = [Ae mk) Ae™ k) ... Ae j0fl '" (k) ] T , Eq(51) 
where A is a constant (e.g., A = 1 ); and 

6>. (k) is the phase for subband k of transmit antenna i, which is given as: 



e i (k) = Zv utXi (k) = tm- 1 



'lm{v ut>u (A:)P 



Eq (52) 



Re{v m>w (*)} 

As shown in equation (52), the phase of each element in the vector v ut (k) is obtained 
from the corresponding element of the eigenvector ± mA (k) (i.e., 6> ; (fc) is obtained from 

Vw (*) > where ( fc ) = fttjj (&) v utiW (£) ... v uiXNm (k)] T ). 
5. Uplink Beam-Steering 
[00364] The spatial processing by the user terminal for beam-steering on the uplink may 

be expressed as: 

x up (fc)=K w v ut (£)s up (£) ,for£e*:, Eq (53) 

where s up (k) is the modulation symbol to be transmitted on subband k; and 

x up (k) is the transmit vector for subband k for beam-steering. 
As shown in equation (53), the N ut elements of the normalized steering vector \ at (k) 
for each subband have equal magnitude but possibly different phases. The beam- 
steering thus generates one transmit vector x up (£) for each subband, with the N ut 

elements of x up (k) having the same magnitude but possibly different phases. 

[00365] The received uplink transmission at the access point for beam-steering may be 

expressed as: 

£ up (£) =H up (£)x up (£)+n up (fc) Jork&K, Eq (54) 

= S up (*)&« (*)v w (k)s np (k) + n up (*) 
= H cup (£)v ut (k)s ap (k) + n up (k) 
where f up (k) is the received vector for the uplink for subband k for beam-steering. 
[00366] A matched filter row vector m ap (k) for the uplink transmission using beam- 

steering may be expressed as: 

m ap (k) = (H cup (£)v ut (k)f , for k g K . Eq (55) 
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The matched filter vector m ap (ft) may be obtained as described below. The spatial 

processing (or matched filtering) at the access point for the received uplink transmission 
with beam-steering may be expressed as: 

= ^(WH^ , for k e K , Eq (56) 

= ^ p (fc) + £ up (&) 

where X up (k) = (H cup (A:)v ut (A:)) H (H cup (^)y ut (^)) (i.e., I up (fc) is the inner product of 
m ap (k) and its conjugate transpose), 
s up (k) is an estimate of the modulation symbol s np (k) transmitted by the user 

terminal on the uplink, and 
rc up (k) is the post-processed noise. 

6. Downlink Beam-Steering 
[00367] The spatial processing by the access point for beam-steering on the downlink 

may be expressed as: 

%6n (*) = K ap u ap (k)s 6Q (k) JovkeK, Eq (57) 

where u ap (k) is the normalized eigenvector for subband k, which is generated based on 

the eigenvector u* P ,i W > for the principal wideband eigenmode, similar to that described 
above for the uplink. 

[00368] A matched filter row vector m ut (k) for the downlink transmission using beam- 

steering may be expressed as: 

m ut (k) = (H cdn (k)u ap (k)) H JoxkeK. Eq (58) 

The spatial processing (or matched filtering) at the user terminal for the received 
downlink transmission may be expressed as: 

= ^<*)<Hc^ *e 1ST, Eq(59) 

where ij« = (H c Ji)u ap (i)) fl (H £ J%/^ (i.e., l dn (fc) is the inner product of 
m ut (k) and its conjugate transpose). 
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7. Spatial Processing with Channel Inversion 
[00369] For the uplink, the transmit vector x up (£) for the spatial multiplexing mode may 

be derived by the user terminal as: 

x up (/0 = tWtdk^tk) , for k 6 K , Eq (60) 

where G(k) is a diagonal matrix of gains for the channel inversion described above. 

Equation (60) is similar to equation (15), except that K ut (fc)V ut (fc) is used in place of 

V(fc). The elements of K ut (fc)V ut (fc) are provided to multipliers 952 within beam- 
formers 950 in FIG. 9B. 

[00370] For the uplink, the transmit vector x up (&) for the beam-steering mode may be 
derived by the user terminal as: 

x up (fc)4,(% t (fc)?(^ P W >for keK, Eq(61) 
where v ut (£) is a vector with four elements having equal magnitude but phases 
obtained based on eigenvector v uU (fc) for the principal eigenmode. The vector y ut (fc) 
may be derived similar to that shown above in equations (16) and (17). The gain g(k) 
achieves channel inversion and may be derived similar to that shown above in equations 

(18) through (20), except that \ (k) = v* (£)H c " up (£)H cup (£)v ut (k) is used for equation 
(20). The elements of v ut (fc) are provided to multipliers 1052 within beam-steering 
unit 1050 in FIG. 10B. 

[00371] For the downlink, the transmit vector x dn (£) for the spatial multiplexing mode 
may be derived by the access point as: 

= ^Wfi^Wfi^W , for k E K. Eq (62) 

Equation (62) is similar to equation (15), except that K ap (£)U ap (&) is used in place of 

\(k) . The elements of K ap (£)U ap (£) may be provided to multipliers 952 within beam- 
formers 950 in FIG. 9B. 
[00372] For the downlink, the transmit vector x dn (k) for the beam-steering mode may 

be derived by the access point as: 

x dn (£) = t a ,(k)n^(k)g(k)s dn (k) , for k e K , Eq (63) 
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where u ap (&) is a vector with four elements having equal magnitude but phases 
obtained based on eigenvector u apl (£) for the principal eigenmode. The gain g(k) 
achieves channel inversion and may be derived in a similar manner to that shown above 
in equations (18) through (20), except that ^(^) =^p(^)Hl(^)Hcdn(^)Sap( fc ) is used 
for equation (20). The elements of n ap (k) are provided to multipliers 1052 within 
beam-steering unit 1050 in FIG. 10B. 
VIII. Pilot Structure 
[00373] A pilot structure is provided for the MIMO WLAN system to allow the access 

points and user terminals to perform timing and frequency acquisition, channel 
estimation, and other functions needed for proper system operation. Table 33 lists four 
types of pilot and their short description for an exemplary pilot structure. Fewer, 
different, and/or additional pilot types may also be used for the pilot structure. 



Table 33 - Pilot Types 



Pilot Type 


Description 


Beacon Pilot 


A pilot transmitted from all transmit antennas and used for timing 
and frequency acquisition. 


MMO Pilot 


A pilot transmitted from all transmit antennas with different 
orthogonal codes and used for channel estimation. 


Steered Reference 
or Steered Pilot 


A pilot transmitted on specific eigenmodes of a MIMO channel 
for a specific user terminal and used for channel estimation and 
possibly rate control. 


Carrier Pilot 


A pilot used for phase tracking of a carrier signal. 



Steered reference and steered pilot are synonymous terms. 

[00374] In an embodiment, the pilot structure includes (1) for the downlink - a beacon 
pilot, a MIMO pilot, a steered reference, and a carrier pilot transmitted by the access 
point, and (2) for the uplink - a MIMO pilot, a steered reference, and a carrier pilot 
transmitted by the user terminals. 

[00375] The downlink beacon pilot and MIMO pilot are sent on the BCH (as shown in 

FIG. 5A) in each TDD frame. The beacon pilot may be used by the user terminals for 
timing and frequency acquisition and Doppler estimation. The MIMO pilot may be 
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used by the user terminals to (1) obtain an estimate of the downlink MIMO channel, (2) 
derive the steering vectors for uplink transmission (if the beam-steering or spatial 
multiplexing mode is supported), and (3) derive a matched filter for downlink 
transmission. The downlink steered reference may also be used by a specified user 
terminal for channel estimation. 

[00376] An uplink steered reference is transmitted by each active user terminal that 

supports the beam-steering or spatial multiplexing mode and may be used by the access 
point to (1) derive the steering vectors for the downlink transmission and (2) derive a 
matched filter for the uplink transmission. In general, the steered reference is only sent 
for/by user terminals that support the beam-steering and/or spatial multiplexing modes. 
The reference sent works regardless of whether or not it is steered properly (e.g., due to 
a poor channel estimate). That is, the reference becomes orthogonal on a per transmit 
antenna basis since the steering matrix is diagonal 

[00377] If a user terminal is calibrated, then it can transmit a steered reference on the 

principal eigenmode on the RACH using the vector K ut (£)y ut0 (fc) , for ke K , where 

v ut 0 (fc) is the column of V ut (fc) for the principal eigenmode. If the user terminal is not 
calibrated, then it can transmit a pilot on the RACH using a vector 
[« M(fc) - e J *" w f,far keK. The vector v uUp (k) for each subband 

includes N ut random steering coefficients whose phases 0 t (k) , for / 6 {1, 2, ... N ut } , may 
be selected in accordance with a pseudo-random procedure. Since only the relative 
phases among the N u t steering coefficients matter, the phase of the first steering 
coefficient may be set to zero (i.e., 8 x (k) = 0). The phases of the other N ut -1 steering 
coefficients may change for each access attempt, so that all 360° are covered by each 
steering coefficient in intervals of 360° IN er where N Q . is a function of N„ t . The 

perturbation of the phases of the N ut elements of the steering vector v utp (fc) on every 

RACH attempt, when using the RACH in the beam-steering mode prior to calibration, is 
so that the user terminal does not use a bad steering vector for all access attempts. A 
MIMO pilot may be sent for/by user terminals that do not support beam-steering and/or 
spatial,multiplexing modes. 
[00378] The access point does not have knowledge of the channel for any user terminal 

until the user terminal communicates directly with the access point. When a user 
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terminal desires to transmit data, it first estimates the channel based on the MMO pilot 
transmitted by the access point. The user terminal then sends steered reference in the 
preamble of the RACH when it attempts to access the system. The access point uses the 
reference on the RACH preamble for signal detection and channel estimation. 

[00379] Once the user terminal has been granted access to the system and assigned 

FCH/RCH resources by the access point, the user terminal sends a reference (e.g., a 
MIMO pilot) at the beginning of each RCH PDU it transmits. If the user terminal is 
using the diversity mode, then the reference is sent on the RCH without steering. If the 
user terminal is using the beam-steering or spatial multiplexing mode, then a steered 
. reference is sent on the RCH to allow the access point to determine the eigenvector for 
the principal eigenmode (for the beam-steering mode) or the set of four eigenvectors 
(for the spatial multiplexing mode) for each of the 48 data subbands. The steered 
reference allows the access point to improve its estimate of the channel and to track the 
channel. 

1. Beacon Pilot - Downlink 

[00380] The downlink beacon pilot is included in the first portion of the BCH (as shown 

in FIG. 5A) and transmitted in each TDD frame. The beacon pilot includes a specific 
OFDM symbol (denoted as "B") that is transmitted from each of the four antennas at the 
access point. The same B OFDM symbol is transmitted twice in the 2-symbol duration 
for the beacon pilot. 

[00381] In a specific embodiment, the B OFDM symbol comprises a set of 12 BPSK 

modulation symbols, b(k) 9 for 12 specific subbands, which is shown in Table 34. 



Table 34 - Pilot Symbols 



Sub- 


Beacon 


MIMO 


Sub- 


Beacon 


MIMO 


Sub- 


Beacon 


MIMO 


Sub- 


Beacon 


MIMO 


band 


Pilot 


Pilot 


band 


Pilot 


Pilot 


band 


Pilot 


Pilot 


band 


Pilot 


PUot 


Index 


Hk) 


P(k) 


Index 


b(k) 


p(k) 


Index 


Hk) 


P(k) 


Index 


Hk) 


p{k) 




0 


0 
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0 
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0 
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-1-7 


18 


0 
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-9 


0 


1-7 




0 
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0 
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1+7 


20 
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[00382] For the beacon pilot embodiment shown in Table 34, the B OFDM symbol 
comprises (1) BPSK modulation symbol (1 + j) for subbands -24, -16, -4, 12, 16, 20, 
and 24, (2) BPSK modulation symbol - (1+ j) for subbands -20, -12, -8, 4, and 8, and 
(3) signal values of zero for the remaining 52 subbands. The B OFDM symbol is 
specifically designed to facilitate timing and frequency acquisition by the user 
terminals. However, other OFDM symbols may also be used for the beacon pilot, and 
this is within the scope of the invention. 
2. MIMO Pilot - Downlink 
[00383] The downlink MIMO pilot is included in the second portion of the BCH (as 

shown in FIG. 5A) and also transmitted in each TDD frame. The MIMO pilot includes 
a specific OFDM symbol (denoted as "P") that is transmitted from each of the four 
antennas at the access point. The same P OFDM symbol is transmitted eight times in 
the 8-symbol duration for the MIMO pilot. However, the eight P OFDM symbols for 
each antenna are "covered" with a different 4-chip Walsh sequence assigned to that 
antenna. Covering is a process whereby a given pilot or data symbol (or a set of L 
pilot/data symbols with the same value) to be transmitted is multiplied by all L chips of 
an L-chip orthogonal sequence to obtain L covered symbols, which are then transmitted. 
Decovering is a complementary process whereby received symbols are multiplied by 
the L chips of the same L-chip orthogonal sequence to obtain L decovered symbols, 
which are then accumulated to obtain an estimate of the transmitted pilot/data symbol. 
The covering achieves orthogonality among the N T pilot transmissions from the N T 
transmit antennas and allows the user terminals to distinguish the individual transmit 
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antennas. Covering may be achieved with Walsh sequences or other orthogonal 
sequences. 

[00384] In a specific embodiment, the P OFDM symbol comprises a set of 52 QPSK 

modulation symbols, p(k), for the 48 data subbands and 4 pilot subbands, which is 
shown in Table 34. Signal values of zero are transmitted on the remaining 12 subbands. 
The P OFDM symbol comprises a unique "word" of 52 QPSK modulation symbols that 
is designed to. facilitate channel estimation by the user terminals. This unique word is 
also selected to minimize the peak-to-average variation in the transmitted MIMO pilot. 
This may then reduce the amount of distortion and non-linearity generated by the 
receiver circuitry at the user terminals, which can result in improved accuracy for the 
channel estimation. However, other OFDM symbols may also be used for the MIMO 
pilot, and this is within the scope of the invention. 

[00385] In an embodiment, the four antennas at the access point are assigned 4-chip 

Walsh sequences of W t =1111, W 2 =1010, W 3 =1100, and W 4 = 1001 for the MIMO 
pilot. For a given Walsh sequence, a value of "1" indicates that a P OFDM symbol is 
transmitted and a value of "0" indicates that a -P OFDM symbol is transmitted (i.e., 
each of the 52 modulation symbols in P is inverted). 

[00386] Table 35 lists the OFDM symbols to be transmitted from each of the four 

antennas at the access point for the beacon pilot and MIMO pilot. The B and P OFDM 
symbols are as described above. 



Table 35 - Beacon and MIMO Pilots 
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[00387] The MMO pilot may be used by the user terminal to estimate the channel 
response of the downlink. In particular, to recover the pilot sent from access point 
antenna i and received by user terminal antenna;', the pilot received by terminal antenna 
; is first multiplied with the Walsh sequence assigned to access point antenna i. The 
eight decovered OFDM symbols for all eight symbol periods for the MMO pilot are 
then accumulated, where the accumulation is performed individually for each of the 52 
subbands used to carry the MIMO pilot. The results of the accumulation is h cdai j (k) , 
for fc = ±{l,...,26}, which is an estimate of the calibrated downlink channel response 
from access point antenna i to user terminal antenna; for the 52 data and pilot subbands. 
[00388] The same pilot processing may be performed by the access point to recover the 

pilot from each access point antenna at each user terminal antenna. The pilot 
transmitted from each access point antenna may be recovered by decovering with the 
Walsh sequence assigned to that antenna. , The pilot processing provides N ap • N ut 
values for each of the 52 subbands, where N ap denotes the number of antennas at the 
access point and N M denotes the number of antennas at the user terminal. The N ap • N ut 
values for each subband are the elements of the calibrated downlink channel response 
estimate H cdn (fc) for that subband. 
[00389] The MMO pilot may also be transmitted on the uplink by the user terminal for 

calibration and in the diversity mode. The same processing described above for the user 
terminal to recover the MMO pilot sent by the access point may also be performed by 
the access point to recover the MMO pilot sent by the user terminal. 
3. Steered Reference 
[00390] A steered reference may be transmitted in the preamble portion of an RACH 

PDU (as shown in FIG. 5C) or an RCH PDU (as shown in FIGS. 5E and 5G) by each 
active user terminal. A steered reference may also be transmitted in the preamble 
portion of an FCH PDU (as shown in FIGS. 5E and 5F) by the access point to an active 
user terminal. 
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A. Steered Reference for Sp atial Multiplexing 
[00391] The steered reference comprises a specific OFDM symbol (e.g., the same P 

OFDM symbol used for the MTMO pilot) that is transmitted from all of the transmit 

antennas at the user terminal (for the uplink) or the access point (for the downlink). 

However, the P OFDM symbol for each symbol period is spatially processed (i.e., 

beam-formed) with a steering vector for one eigenmode. 
[00392] The first symbol of steered reference transmitted by the user terminal in the 

preamble of the RACH may be expressed as: 

m = t«(k)-±«Ak)-p(k) , for fee r, Eq(64) 
where x(Jk) is the transmit vector for subband b, 

K ut (k) is the correction matrix for subband k for the user terminal; 

v ut j(fe) is the steering vector for subband k of the principal wideband eigenmode; 

p(k) is the pilot symbol for subband k; and 

K' = {-32, , 31} is the set of indices for all 64 subbands. 

The vector x(k) includes four transmit symbols for each value of k, which are to be 
transmitted from the four antennas at the user terminal. The steering vector v ut>1 (fc) is 
the first column of the matrix V ut (fc) of right eigenvectors of the calibrated uplink 
channel response estimate H cup (£), where V m (*) = [v uU (fc) ±«*&) v ut , 3 (fe) v ut , 4 (A:)] 
and v uM (fc) is the i-th column of V ut (fc) . The above assumes that the singular values in 

t(k) and the columns of V m (fc) are ordered as described above. 
[00393] The second symbol of steered reference transmitted by the user terminal in the 

preamble of the RACH includes the data rate indicator (DRI) for the RACH PDU. The 
DRI indicates the rate used for the RACH message sent in the RACH PDU. The DRI is 
embedded in the second steered reference symbol by mapping the DRI to a specific 
QPSK symbol s dri , as shown in Table 15. The s dri symbol is then multiplied with the 
pilot symbol p(k) before performing the spatial processing. The second symbol of 
steered reference for the RACH may be expressed as: 

x(k) = K ut (k) ■ v uU (k) • s dri .p(k) , for k g r . Eq (65) 
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As shown in equations (64) and (65), only eigenvector i ut4 (fc) for the principal 
eigenmode is used for the steered reference for the RACH. 
[00394] A symbol of steered reference transmitted by the user terminal in the preamble 

of the RCH may be expressed as: 

x up , sr , m (*) = ft* (*) • Iut, m (*>•!**). to k e r , Eq (66) 

where x (it) is the transmit vector for subband k of wideband eigenmode m; and 

v ut m (fc) is the steering vector for subband k of wideband eigenmode m (i.e., the 

m-th column of V ut (fc)>. 
[00395] A symbol of steered reference transmitted by the access point in the preamble of 

the FCH may be expressed as: 

x to 09 = K ap (Jfc) • u;, m (k)p(k) , for k 6 r , Eq (67) 

where x A (k) is the transmit vector for subband k of wideband eigenmode m; 
K ap (£) is the correction matrix for subband k for the access point; and 
Kp m ( k ) is the steering vector for subband k of wideband eigenmode m. 
The steering vector u ap _ m (fe) is the m-th column of the matrix U ap (fc) of right 
eigenvectors of the calibrated downlink channel response estimate H cdn (&), where 

U ap (£) = [u apa (fc) u ap , 2 (fc) u ap , 3 (fc) u apA (k)]. 
[00396] The steered reference may be transmitted in various manners. In one 

embodiment, one or more eigenvectors are used for the steered reference for each TDD 
frame and are dependent on the duration of the steered reference, which is indicated by 
the FCH/RCH Preamble Type fields in the FCCH information element. Table 36 lists 
the eigenmodes used for the preamble for the FCH and RCH for various preamble sizes, 
for an exemplary design. 



Table 36 



Type 


Preamble Size 


Eigenmodes Used 


0 


0 OFDM symbol 


no preamble 


1 


1 OFDM symbol 


eigenmode m, where m = frame counter mod 4 


2 


4 OFDM symbols 


cycle through all 4 eigenmodes in the preamble 
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1 I 8 OFDM symbols I cycle through all 4 eigenmodes twice in the preamble 



[00397] As shown in Table 36, the steered reference is transmitted for all four 

eigenmodes within a single TDD frame when the preamble size is four or eight OFDM 
symbols. The steered reference transmitted by the user terminal for the n-th OFDM 
symbol in the preamble for the RCH may be expressed as: 

x w W = K ut (fc)-v ut ,„ mod4 (fe)-p(/:) ,for fee K' and n = {l,...,L}, Eq (68) 
where L is the preamble size, i.e.,L = 4 for Type 2 and L = 8 for Type 3. 
[00398] Similarly, the steered reference transmitted by the access point for the n-th 

OFDM symbol in the preamble for the FCH may be expressed as: 

lL^Ak) = K^k)-£ p ^(k)p(k) JorkeK' and n = {l,...,L}. Eq (69) 
As shown in equations (68) and (69), the four eigenmodes are cycled through in each 4- 
symbol period by the (n mod 4) operation for the steering vector. This scheme may be 
used if the channel changes more rapidly and/or during the early part of a connection 
when a good channel estimate needs to be obtained quickly for proper system operation. 
[00399] In another embodiment, the steered reference is transmitted for one wideband 

eigenmode for each TDD frame. The steered reference for four wideband eigenmodes 
may be cycled through in four TDD frames. For example, the steering vectors 
i»t, 2 «> iut, 3 (fc)> and ± ntA (k) may be used for the first, second, third, and 
fourth TDD frames, respectively, by the user terminal. The particular steering vector to 
use may be specified by the 2 LSBs of the Frame Counter value in the BCH message. 
This scheme allows a shorter preamble portion to be used in the PDU but may require a 
longer time period to obtain a good estimate of the channel. 
[00400] For both embodiments described above, the steered reference may be 

transmitted on all four eigenmodes that may be used for data transmission, even though 
fewer than four eigenmodes are currently used (e.g., because the unused eigenmodes are 
poor and discarded by the water-filling). The transmission of the steered reference on a 
currently unused eigenmode allows the receiver to determine when the eigenmode 
improves enough to be selected for use. 

B. Steered Reference for Beam-Steering 
[00401] For the beam-steering mode, the spatial processing on the transmit side is 
performed using a set of normalized eigenvectors for the principal wideband 
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eigenmode. The overall transfer function with a normalized eigenvector is different 
from the overall transfer function with an unnormalized eigenvector (i.e., 
H cup (^)v uU (it)^H cup (fe)v ut (fe)). A steered reference generated using the set of 
normalized eigenvectors for all subbands may then be sent by the transmitter and used 
by the receiver to derive the matched filter vectors for these subbands for the beam- 
steering mode. 

[00402] For the uplink, the steered reference for the beam-steering mode may be 

expressed as: 

x up , sr (*) = K ut (*)!, (k)p(k) , for * 6 K . Eq (70) 

At the access point, the receive uplink steered reference for the beam-steering mode 
may be expressed as: 

r up , sr (fc) =H up (fe)x up , sr W + n up (fe) JovkeK. Eq(71) 

= H up (fe)K ut Wv ut (fe)p(fc) + n up (fc) 

[00403] To obtain the matched filter row vector m ap (*) for the uplink transmission with 

beam-steering, the received vector r up , sr (*) for the steered reference is first multiplied 
with p*(k). The result is then integrated over multiple received steered reference 
symbols to form an estimate of (*)£„,(*) • The vector ^ {k) iS then the 

conjugate transpose of this estimate. 
[00404] While operating in the beam-steering mode, the user terminal may transmit 

multiple symbols of steered reference, for example, one or more symbols using the 
normalized eigenvector v ut (fe) , one or more symbols using the eigenvector v uU (fe) for 
the principal wideband eigenmode, and possibly one or more symbols using the 
eigenvectors for the other wideband eigenmodes. The steered reference symbols 
generated with £„(*) may be used by the access point to derive the matched filter 
vector m ap (&) . The steered reference symbols generated with v uU (fc) may be used to 
obtain ft ,(*) , which may then be used to derive the normalized eigenvector u ap (*0 
that is used for beam-steering on the downlink. The steered reference symbols 
generated with the eigenvectors ±^{k) through v ut , Wj (fe) for the other eigenmodes 
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may be used by the access point to obtain u ap 2 (&) through u N (k) and the singular 

values for these other eigenmodes. This information may then be used by the access 
point to determine whether to use the spatial multiplexing mode or the beam-steering 
mode for data transmission. 
[00405] For the downlink, the user terminal may derive the matched filter vector m ut (k) 
for the beam-steering mode based on the calibrated downlink channel response estimate 
Hcdn (*) • I* 1 particular, the user terminal has u apl (k) from the singular value 

decomposition of H cdn (£) and can derive the normalized eigenvector u ap (fc) . The user 
terminal can then multiply H ap (k) with H cdn (k) to obtain H cdn (/c)u ap (k) , and may then 
derive m ut (k) based on H cdn (&)0 ap (k) . Alternatively, a steered reference may be sent 
by the access point using the normalized eigenvector u ap (k) , and this steered reference 
may be processed by the user terminal in the manner described above to obtain m ut (k) . 

4. Carrier Pilot - Uplink 

[00406] The OFDM subband structure described herein includes four pilot subbands with 

indices of -21, -7, 7, and 21. In an embodiment, a carrier pilot is transmitted on the four 
pilot subbands in all OFDM symbols that are not part of a preamble. The carrier pilot 
may be used by the receiver to track phase changes due to drifts in the oscillators at both 
the transmitter and receiver. This may provide improved data demodulation 
performance. 

[00407] The carrier pilot comprises four pilot sequences, P cl (n) 9 P c2 (n) , P a (n), and 

i 

F c4 (/z), which are transmitted on the four pilot subbands. The pilot sequences may be 
defined as: 

PA*) = p An) = PA*) = -PA*) ■ for n = U 2 > ■•• 127 > . E q (72) 

where n is an index for OFDM symbol period. 
[00408] The pilot sequences may be defined based on various data sequences. In an 

embodiment, the pilot sequence P cl (n) is generated based on a polynomial 

G(x) = x 1 -Kr 4 -Kr, where the initial state is set to all ones and the output bits are 
mapped to signal values as follows: 1 => -1 and 0 1 . The pilot sequence P cl (ri) , for 
n = {1, 2, ... 127} , may then be expressed as: 
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F cl (n)= {lJJ4 r l r l r ia,-lrl,-lrlJ4rl4rlrlJ,l,-l-l.lrlilpl.l,l > l > lrl,l, 
iarl4arl^lJ44rl4rlrlriaria,-lrl,lrl,-l,l,l,l,l,l^l,»l,l,l, 
-l r l,l r iarl,l,lrlrlrl,l.l.-lrlrlrlJrlrl4,-l,l,14,lrl,lria,-l,l, 
-I r l r l,-l,-lj r 14,lrl4rl4,iarlrl4rlrlriaaarlrl,-lrlrlrl,--l}. 

The values of "1" and "-1" in the pilot sequence P cl (n) may be mapped to pilot symbols 

using a particular modulation scheme. For example, using BPSK, a "1" may be mapped 
to 1 + 7 and a may be mapped to -(1+ ;) . If there are more than 127 OFDM 

symbols, then the pilot sequence may be repeated so that P cl (ri) = P cl (n mod 127) for 

n>127. 

[00409] In one embodiment, the four pilot sequences are reset for each transport channel. 

Thus, on the downlink, the pilot sequences are reset for the first OFDM symbol of the 
BCH message, reset again for the first OFDM symbol of the FCCH message, and reset 
for the first OFDM symbol sent on the FCH. In another embodiment, the pilot 
sequences are reset at the start of each TDD frame and repeat as often as needed. For 
this embodiment, the pilot sequences may be stalled during the preamble portions of the 
BCH and FCH. 

[00410] In the diversity mode, the four pilot sequences are mapped to four 

subband/antenna pairing as shown in Table 29. In particular, P cl (n) is used for subband 
-21 of antenna 1, P c2 (n) is used for subband -7 of antenna 2, P c3 (ri) is used for subband 
7 of antenna 3, and P c4 (rc) is used for subband 21 of antenna 4. Each pilot sequence is 

then transmitted on the associated subband and antenna. 

[00411] In the spatial multiplexing mode, the four pilot sequences are transmitted on the 

principal eigenmode of their respective subbands. The spatial processing for the carrier 
pilot symbols is similar to that performed for the modulation symbols, as described 
above. In the beam-steering mode, the four pilot sequences are transmitted on their 
respective subbands using beam-steering. The beam-steering for the carrier pilot 
symbols is also similar to that performed for the modulation symbols. 

[00412] A specific pilot structure has been described above for the MIMO WLAN 

system. Other pilot structures may also be used for the system, and this is within the 
scope of the invention. 
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IX. System Operation 
[00413] FIG. 12A shows a specific embodiment of a state diagram 1200 for the 

operation of a user terminal. This state diagram includes four states - an Init state 1210, 

a Dormant state 1220, an Access state 1230, and a Connected state 1240. Each of states 

1210, 1220, 1230, and 1240 may be associated with a number of substates (not shown in 

FIG. 12A for simplicity). 
[00414] In the Init state, the user terminal acquires the system frequency and timing and 

obtains system parameters sent on the BCK In the Init state, the user terminal may 

perform the following functions: 

• System determination - the user terminal determines which carrier frequency to 
acquire the system on. 

• Frequency/timing acquisition - the user terminal acquires the beacon pilot and 
adjusts its frequency and timing accordingly. 

• Parameter acquisition - the user terminal processes the BCH to obtain the 
system parameters associated with the access point from which the downlink 
signal is received. 

Upon completing the required functions for the Init state, the user terminal transitions to 
the Dormant state. 

[00415] In the Dormant state, the user terminal periodically monitors the BCH for 

updated system parameters, indications of pages and broadcast messages being sent on 
the downlink, and so on. No radio resources are allocated to the user terminal in this 
state. In the Dormant state, the user terminal may perform the following functions: 

• If a registration is warranted, the user terminal enters the Access state with a 
registration request. 

• If calibration of the transmitter/receiver is warranted, the user terminal enters the 
Access state with a calibration request. 

• The user terminal monitors the BCH for indication of pages and broadcast 
messages sent on the FCH. 

• If the user terminal has data to send on the uplink, it enters the Access state with 
a resource request. 

• The user terminal performs maintenance procedures such as updating the system 
parameters and tracking the channel. 
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• The user terminal may enter a slotted mode of operation for power savings, if 
this mode is supported by the user terminal.4 
If the user terminal desires radio resources from the access point for any task, it 
transitions to the Access state. For example, the user terminal may transition to the 
Access state in response to a page or DST indicator being sent in the BCH message, for 
registration or request for calibration, or to request dedicated resources. 

[00416] In the Access state, the user terminal is in the process of accessing the system. 

, The user terminal may send short messages and/or requests for FCH/RCH resources 
using the RACH. The operation on the RACH is described in further detail below. If 
the user terminal is released by the access point, then it transitions back to the Dormant 
state. If the user terminal is assigned resources for the downlink and/or uplink, then it 
transitions to the Connected state. 

[00417] In the Connected state, the user terminal is assigned the FCH/RCH resources, 

although not necessarily for every TDD frame. The user terminal may actively use the 
allocated resources or may be idle (while still maintaining the connection) in the 
Connected state. The user terminal remains in the Connected state until it is released by 
the access point or if it times out after no activity for a particular timeout period, in 
which case it transitions back to the Dormant state. 

[00418] While in the Dormant, Access, or Connected state, the user terminal transitions 

back to the Init state if it is powered down or if the connection is dropped. 

[00419] FIG. 12B shows a specific embodiment of a state diagram for Connected state 

1240. In this embodiment, the Connected state includes three substates - a Setup 
substate 1260, an Open substate 1270, and an Idle substate 1280. The user terminal 
enters the Setup substate upon receiving an assignment on the FCCH. 

[00420] In the Setup substate, the user terminal is in the process of setting up the 

connection and is not yet exchanging data. The connection setup may include channel 
estimation for the access point, rate determination, service negotiation, and so on. Upon 
entering the Setup substate, the user terminal sets a timer for a specified amount of time. 
If the timer expires before the user terminal leaves this substate, then it transitions back 
to the Dormant state. The user terminal transitions to the Open substate upon 
completion of the connection setup. 

[00421] In the Open substate, the user terminal and access point exchange data on the 

downlink and/or uplink. While in the Open substate, the user terminal monitors the 
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BCH for system parameters and indication of page/broadcast messages. If a BCH 
message cannot be decoded correctly within a specified number of TDD frames, then 
the user terminal transitions back to the Init state. 

[00422] The user terminal also monitors the FCCH for channel assignment, rate control, 

RCH timing control, and power control information. The user terminal estimates the 
received SNR using the BCH beacon pilot and the FCH preamble and determines the 
maximum rate that can be sustained reliably on the FCH. 

[00423] The FCH and RCH assignments for the user terminal for each TDD frame are 

given by the information elements in the FCCH PDU transmitted in the current (or 
possibly prior) TDD frame. The user terminal may not be assigned for data 
transmission on the FCH and/or RCH for any given TDD frame. For each TDD frame 
in which the user terminal is not scheduled for data transmission, it does not receive an 
FCH PDU on the downlink and does not transmit on the uplink. 

[00424] For each TDD frame in which the user terminal is scheduled, the data 

transmissions on the downlink and/or uplink are performed using the rate, transmission 
mode, and RCH timing offset (for the uplink) indicated in the FCCH assignments (i.e., 
the FCCH information elements addressed to the user terminal). The user terminal 
receives, demodulates, and decodes FCH PDUs sent to it. The user terminal also 
transmits RCH PDUs, which include the preamble and FCH data rate indicator. The 
user terminal adjusts the rate used on the RCH according to the rate control information 
contained in the FCCH assignment. If power control is being applied for the uplink 
transmission, then the user terminal adjusts its transmit power based on the power 
control commands included in the FCCH assignment. The data exchange may be 
bursty, in which case the user terminal may enter into the Idle substate whenever no 
data is being exchanged. The user terminal enter the Idle substate when directed by the 
access point. If the access point does not assign the FCH or RCH to the user terminal 
within a specified number of TDD frames, then the user terminal transitions back to the 
Dormant state and retains its MAC ID. 
[00425] In the Idle substate, both the uplink and downlink are idling. Data is not being 

sent in either direction. However, the links are maintained with the steered reference 
and control messages. In this substate, the access point periodically assigns Idle PDUs 
to the user terminal on the RCH and possibly the FCH (not necessarily simultaneously). 
The user terminal may be able to remain in the Connected state indefinitely, provided 
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that the access point periodically assigns Idle PDUs on the FCH and RCH to maintain 
the link. 

[00426] While in the Idle substate, the user terminal monitors the BCH. If a BCH 

message is not decoded correctly within a specified number of TDD frames, then the 
user terminal transitions back to the Init state. The user terminal also monitors the 
FCCH for channel assignment, rate control, RCH timing control, and power control 
information. The user terminal may also estimate the receive SNR and determine the 
maximum rate supported by the FCH. The user terminal transmits an Idle PDU on the 
RCH, when assigned, and sets the RCH Request bit in the Idle PDU if it has data to 
send. If the access point does not assign an FCH or RCH to the user terminal within a 
specified number of TDD frames, then the user terminal transitions back to the Dormant 
state and retains its MAC ID. 

[00427] A time-out timer may be set to a particular value upon entering any of the three 

substates. This timer would then count down if there is no activity while in the substate. 
While in the Setup, Active, or Idle substate, the terminal would transition back to the 
Dormant state if the time-out timer expires and to the Init state if the connection is 
dropped. While in the Active or Idle substate, the terminal would also transition back to 
the Dormant state if the connection is released. 

[00428] FIGS. 12A and 12B show a specific embodiment of a state diagram that may be 

used for the user terminal. Various other state diagrams with fewer, additional, and/or 
different states and substates may also be used for the system, and this is within the 
scope of the invention. 
X. Random Access 

[00429] In an embodiment, a random access scheme is employed to allow the user 

terminals to access the MEMO WLAN system. In an embodiment, the random access, 
scheme is based on a slotted Aloha scheme whereby a user terminal transmits in a 
randomly selected RACH slot to attempt to gain access to the system. The user terminal 
may send multiple transmissions on the RACH until access is gained or the maximum 
number of access attempts has been reached. Various parameters for each RACH 
transmission may be changed to improve the likelihood of success, as described below. 

[00430] FIG. 13 illustrates a timeline for the RACH, which is partitioned into RACH 

slots. The number of RACH slots available for use in each TDD frame and the duration 
of the RACH slot are configurable parameters. A maximum of 32 RACH slots may be 
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available for use in each TDD frame. The guard interval between the end of the last 
RACH slot and the start of the BCH PDU for the next TDD frame is also a configurable 
parameter. These three parameters for the RACH can change from frame to frame and 
are indicated by the RACH Length, RACH Slot Size, and RACH Guard Interval fields 
of the BCH message. 

[00431] When a user terminal desires to access the system, it first processes the BCH to 

obtain pertinent system parameters. The user terminal then sends a RACH PDU on the 
RACH. This RACH PDU includes a RACH message that contains information needed 
by the access point to process the access request from the user terminal. For example, 
the RACH message includes the user terminal's assigned MAC ID that allows the 
access point to identify the user terminal. A registration MAC ID (i.e., a specific MAC 
ID value) may be reserved for unregistered user terminals. In this case, the user 
terminal's long ID may be included in the Payload field of the RACH message along 
with the registration MAC ID. 

[00432] As described above, the RACH PDU may be transmitted at one of four data 

rates, which are listed in Table 15. The selected rate is embedded in the preamble of the 
RACH PDU (as shown in FIG. 5C). The RACH PDU also has a variable length of 1, 2, 
4, or 8 OFDM symbols (as also listed in Table 15), which is indicated in the Message 
Duration field of the RACH message. 

[00433] To transmit the RACH PDU, the user terminal first determines the number of 

RACH slots that may be used for transmission (i.e., the number of "usable" RACH 
slots). This determination is made based on (1) the number of RACH slots available in 
the current TDD frame, (2) the duration of each RACH slot, (3) the guard interval, and 
(4) the length of the RACH PDU to be transmitted. The RACH PDU cannot extend 
beyond the end of the RACH segment of the TDD frame. Thus, if the RACH PDU is 
longer than one RACH slot plus the guard interval, then this PDU may not be 
transmitted in one or more later available RACH slots. The number of RACH slots that 
may be used to transmit the RACH PDU may be fewer than the number of available 
RACH slots, based on the factors enumerated above. The RACH segment includes a 
guard interval, which is provided to prevent the uplink transmission from the user 
terminals from interfering with the next BCH segment, which is a possibility for user 
terminals that do not compensate for their round trip delay. 
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[00434] The user terminal then randomly selects one of the usable RACH slots to 
transmit the RACH PDU. The user terminal then transmits the RACH PDU starting in 
the selected RACH slot. If the user terminal knows the round trip delay to the access 
point, then it can account for this delay by adjusting its timing accordingly. 

[00435] When the access point receives a RACH PDU, it checks the received RACH 

message using the CRC included in the message. The access point discards the RACH 
message if the CRC fails. If the CRC passes, the access point sets the RACH 
Acknowledgment bit on the BCH in the subsequent TDD frame and transmits an RACH 
acknowledgement on the FCCH within 2 TDD frames. There may be a delay between 
the : setting of the Acknowledgment bit on the BCH and the sending of the 
acknowledgment on the FCCH, which may be used to account for scheduling delay and 
so on. For example, if the access point receives the message on the RACH, it can set 
the Acknowledgment bit on the BCH and have a delay response on the FCCH. The 
Acknowledgment bit prevents user terminals from retrying and allows unsuccessful user 
terminals to retry quickly, except during busy RACH periods. 

[00436] If the user terminal is performing a registration, then it uses the registration 

MAC ID (e.g., 0x0001). The access point responds by sending a MAC ID Assignment 
Message on the FCH. All other RACH transmission types include the user terminal's 
MAC ID assigned by the system. The access point explicitly acknowledges all correctly 
received RACH messages by sending acknowledgments on the FCCH using the MAC 
ID assigned to the user terminal. 

[00437] After the user terminal sends the RACH PDU, it monitors the BCH and FCCH 

to determine whether or not its RACH PDU has been received and processed by the 
access point. The user terminal monitors the BCH to determine whether or not the 
RACH Acknowledgment Bit in the BCH message is set. If this bit is set, which 
indicates that an acknowledgment for this and/or some other user terminals is being sent 
on the FCCH, then the user terminal further processes the FCCH to obtain IE Type 3 
information elements containing acknowledgements. Otherwise, if the RACH 
Acknowledgment Bit is not set, then the user terminal continues to monitor the BCH or 
resumes its access procedure on the RACH. 

[00438] The FCCH IE Type 3 is used to carry quick acknowledgements for successful 

access attempts. Each acknowledgement information element contains the MAC ID 
associated with the user terminal for which the acknowledgment is sent. A quick 
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acknowledgement is used to inform the user terminal that its access request has been 
received but is not associated with an assignment of FCH/RCH resources. Conversely, 
an assignment-based acknowledgement is associated with an FCH/RCH assignment. If 
the user terminal receives a quick acknowledgement on the FCCH, it transitions to the 
Dormant state. If the user terminal receives an assignment-based acknowledgement, it 
obtains scheduling information sent along with the acknowledgment and begins using 
the FCH/RCH as assigned in the current TDD frame. 

[00439] The user terminal resumes the access procedure on the RACH if it does not 

receive an acknowledgement on the FCCH within a specified number of TDD frames 
after transmitting the RACH PDU. In this case, the user terminal can assume that the 
access point did not receive the RACH PDU correctly. A counter is maintained by the 
user terminal to count the number of access attempts. This counter may be initialized to 
zero for the first access attempt and is incremented by one for each subsequent access 
attempt. The user terminal would terminate the access procedure if the counter value 
reaches the maximum number of attempts. 

[00440] For each subsequent access attempt, the user terminal first determines various 

parameters for this access attempt including (1) the amount of time to wait before 
transmitting the RACH PDU, (2) the RACH slot to use for the RACH PDU 
transmission, and (3) the rate for the RACH PDU. To determine the amount of time to 
wait, the user terminal first determines the maximum amount of time to wait for the next 
access attempt, which is referred to as the contention window (CW). In an embodiment, 
the contention window (which is given in units of TDD frames) exponentially increases 
for each access attempt (i.e., CW = 2 access - attempt ). The contention window may also be 
determined based on some other function (e.g., a linear function) of the number of 
access attempts. The amount of time to wait for the next access attempt is then 
randomly selected between zero and CW. The user terminal would wait this amount of 
time before transmitting the RACH PDU for the next access attempt. 

[00441] For the next access attempt, the user terminal reduces the rate for the RACH 
PDU, if the lowest rate was not used for the last access attempt. The initial rate used for 
the first access attempt may be selected based on the received SNR of the pilot sent on 
the BCH. The failure to receive an acknowledgment may be caused by the access 
point's failure to correctly receive the RACH PDU. Thus, the rate for the RACH PDU 
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in the next access attempt is reduced to improve the likelihood of correct reception by 
the access point. 

[00442] After waiting the randomly selected wait time, the user terminal again randomly 

selects an RACH slot for transmission of the RACH PDU. The selection of the RACH 
slot for this access attempt may be performed in similar manner as that described above 
for the first access attempt, except that the RACH parameters (i.e., number of RACH 
slots, slot duration, and guard interval) for the current TDD frame, as conveyed in the 
BCH message, are used along with the current RACH PDU length. The RACH PDU is 
then transmitted in the randomly selected RACH slot. 

[00443] The access procedure described above continues until either (1) the user terminal 

receives an acknowledgment from the access point or (2) the maximum number of 
permitted access attempts has been reached. For each access attempt, the amount of 
time to wait before transmitting the RACH PDU, the RACH slot to use for the RACH 
PDU transmission, and the rate for the RACH PDU may be selected as described above. 
If the acknowledgment is received, then the user terminal operates as indicated by the 
acknowledgment (i.e., it waits in the Dormant state if a quick acknowledgment is 
received or starts using the FCH/RCH if an assignment-based acknowledgment is 
received). If the maximum number of permitted access attempts has been reached, then 
the user terminal transitions back to the Init state. 
XI. Rate, Power, and Timing Control 

[00444] The access point schedules downlink and uplink transmissions on the FCH and 

RCH and further controls the rates for all active user terminals. Moreover, the access 
point adjusts the transmit power of certain active user terminals on the uplink. Various 
control loops may be maintained to adjust the rate, transmit power, and timing for each 
active user terminal. 

1. Fixed and Variable Rate Services 

[00445] The access point can support both fixed and variable rate services on the FCH 

and RCH. Fixed-rate services may be used for voice, video, and so on. Variable rate 
services may be used for packet data (e.g., Web browsing). 

[00446] For fixed rate services on the FCH/RCH, a fixed rate is used for the entire 

connection. Best effort delivery is used for the FCH and RCH (i.e., no retransmission). 
The access point schedules a constant number of FCH/RCH PDUs per specified time 
interval to satisfy the QoS requirements of the service. Depending on the delay 
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requirements, the access point may not need to schedule an FCH/RCH PDU for every 
TDD frame. Power control is exercised on the RCH but not the FCH for fixed rate 
services. 

[00447] For variable rate services on the FCH/RCH, the rate used for the FCH/RCH is 
allowed to change with channel conditions. For some isochronous services (e.g., video, 
audio), the QoS requirements may impose a minimum rate constraint. For these 
services, the scheduler at the access point adjusts the FCH/RCH allocation so that a 
constant rate is provided. For asynchronous data services (e.g., web browsings file 
transfer, and so on), a best effort delivery is provided with the option of retransmissions. 
For these services, the rate is the maximum that can be reliably sustained by the channel 
conditions. The scheduling of the FCH/RCH PDUs for the user terminals is typically a 
function of their QoS requirements. Whenever there's no data to send on the 
downlink/uplink, an Idle PDU is sent on the FCH7RCH to maintain the link. Closed 
loop power control is not exercised on the FCH or RCH for variable rate services. 
2. Rate Control 

[00448] Rate control may be used for variable rate services operating on the FCH and 

RCH to adapt the rate of the FCH/RCH to changing channel conditions. The rates to 
use for the FCH and RCH may be independently controlled. Moreover, in the spatial 
multiplexing mode, the rate for each wideband eigenmode of each dedicated transport 
channel may be independently controlled. The rate control is performed by the access 
point based on feedback provided by each active user terminal. The scheduler within 
the access point schedules data transmission and determines rate assignments for the 
active user terminals. 

[00449] The maximum rate that can be supported on either link is a function of (1) the 

channel response matrix for all of the data subbands, (2) the noise level observed by the 
receiver, (3) the quality of the channel estimate, and possibly other factors. For a TDD 
system, the channel may be considered to be reciprocal for the downlink and uplink 
(after calibration has been performed to account for any differences at the access point 
and user terminal). However, this reciprocal channel does not imply that the noise 
floors are the same at the access point and user terminal. Thus, for a given user 
terminal, the rates on the FCH and RCH may be independently controlled. 

[00450] Closed-loop rate control may be used for data transmission on one or more 

spatial channels. Closed-loop rate control may be achieved with one or multiple loops. 
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An inner loop estimates the channel conditions and selects a suitable rate for each 
spatial channel used for data transmission. The channel estimation and rate selection 
may be performed as described above. An outer loop may be used to estimate the 
quality of the data transmission received on each spatial channel and to adjust the 
operation of the inner loop. The data transmission quality may be quantified by packet 
error rate (PER), decoder metrics, and so on, or a combination thereof. For example, 
the outer loop may adjust the SNR offset for each spatial channel to achieve the target 
PER for that spatial channel. The outer loop may also direct the inner loop to select a 
lower rate for a spatial channel if excessive packet errors are detected for the spatial 
channel. 

Downlink Rate Control 

[00451] Each active user terminal can estimate the downlink channel based on the 

MEMO pilot transmitted on the BCH in each TDD frame. The access point may also 
transmit a steered reference in an FCH PDU sent to a specific user terminal. Using the 
MIMO pilot on the BCH and/or the steered reference on the FCH, the user terminal can 
estimate the received SNR and determine the maximum rate that can be supported on 
the FCH. If the user terminal is operating in the spatial multiplexing mode, then the 
maximum rate may be determined for each wideband eigenmode. Each user terminal 
can send back to the access point the maximum rate supported by each wideband 
eigenmode (for the spatial multiplexing mode), the maximum rate supported by the 
principal wideband eigenmode (for the beam-steering mode), or the maximum rate 
supported by the MIMO channel (for the diversity mode) in the FCH Rate Indicator 
field of the RCH PDU. These rates may be mapped to received SNRs, which may then 
be used to perform the water-filling described above. Alternatively, the user terminal 
may send back sufficient information (e.g., the received SNRs) to allow the access point 
to determine the maximum rate supported by the downlink. 

[00452] The determination of whether to use the diversity, beam-steering, or spatial 

multiplexing mode may be made based on the feedback from the user terminal. The 
number of wideband eigenmodes selected for use may increase as isolation between the 
steering vectors improves. 

[00453] FIG. 14A illustrates a process for controlling the rate of a downlink 

transmission for a user terminal. A BCH PDU is transmitted in the first segment of 
each TDD frame and includes the beacon and MIMO pilots that can be used by the user 
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terminals to estimate and track the channel. A steered reference may also be sent in the 
preamble of an FCH PDU sent to the user terminal. The user terminal estimates the 
channel based on the MMO and/or steered reference and determines the maximum 
rate(s) that can be supported by the downlink. One rate is provided for each wideband 
eigenmode if the user terminal is operating in the spatial multiplexing mode. The user 
terminal then sends the rate indicator for the FCH in the FCH Rate Indicator field of the 
RCH PDU it sends to the access point. 

[00454] The scheduler uses the maximum rates that the downlink can support for each 

active user terminal to schedule downlink data transmission in subsequent TDD frames. 
The rates and other channel assignment information for the user terminal are reflected in 
an information element sent on the FCCH. The rate assigned to one user terminal can 
impact the scheduling for other user terminals. The minimum delay between the rate 
determination by the user terminal and its use is approximately a single TDD frame. 

[00455] Using the Gram-Schmidt ordered procedure, the access point can accurately 

determine the maximum rates supported on the FCH directly from the RCH preamble. 
This can then greatly simplify rate control. 
Uplink Rate Control 

[00456] Each user terminal transmits a steered reference on the RACH during system 

access and on the RCH upon being assigned FCH/RCH resources. The access point can 
estimate the received SNR for each of the wideband eigenmodes based on the steered 
reference on the RCH and determine the maximum rate supported by each wideband 
eigenmode. Initially, the access point may not have a good estimate of the channel to 
permit reliable operation at or near the maximum rate supported by each wideband 
eigenmode. To improve reliability, the initial rate used on the FCH/RCH may be much 
lower than the maximum supported rate. The access point can integrate the steered 
reference over a number of TDD frames to obtain improved estimate of the channel. As 
the estimate of the channel improves, the rate may be increased. 

[00457] FIG. 14B illustrates a process for controlling the rate of an uplink transmission 

for a user terminal. When scheduled for uplink transmission, the user terminal transmits 
an RCH PDU that includes the reference, which is used by the access point to determine 
the maximum rate on the uplink. The scheduler then uses the maximum rates that the 
uplink can support for each active user terminal to schedule uplink data transmission in 
subsequent TDD frames. The rates and other channel assignment information for the 
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user terminal are reflected in an information element sent on the FCCH. The minimum 
delay between the rate determination by the access point and its use is approximately a 
single TDD frame. 

3. Power Control 

[00458] Power control may be used for uplink transmissions on the RCH (instead of rate 

control) for fixed-rate services. For fixed-rate services, the rate is negotiated at call 
setup and remains fixed for the duration of the connection. Some fixed-rate services 
may be associated with limited mobility requirement. In an embodiment, power control 
is implemented for the uplink to guard against interference among the user terminals but 
is not used for the downlink. 

[00459] A power control mechanism is used to control the uplink transmit power of each 

active user terminal such that the received SNR at the access point is maintained at a 
level that achieves the desired service quality. This level is often referred to as the 
target received SNR, the operating point, or the setpoint. For a mobile user terminal, 
the propagation loss will likely change as the user terminal moves about. The power 
control mechanism tracks changes in the channel so that the received SNR is maintained 
near the setpoint. 

[00460] The power control mechanism may be implemented with two power control 

loops - an inner loop and an outer loop. The inner loop adjusts the transmit power of 
the user terminal such that the received SNR at the access point is maintained near the 
setpoint. The outer loop adjusts the setpoint to achieve a particular level of 
performance, which may be quantified by a particular frame error rate (EER) (e.g., 1% 
PER), packet error rate (PER), block error rate (BLER), message error rate (MER), or 
some other measure. 

[00461] FIG. 15 illustrates the operation of the inner power control for a user terminal. 

After the user terminal is assigned the FCH/RCH, the access point estimates the 
received SNR on the RCH and compares it to the setpoint. The initial power to be used 
by the user terminal may be determined at call setup and is typically near its maximum 
transmit power level. For each frame interval, if the received SNR exceeds the setpoint 
by a particular positive margin S , then the access point can direct the user terminal to 
reduce its transmit power by a particular amount (e.g., 1 dB) in an FCCH information 
element sent to this user terminal. Conversely, if the received SNR is lower than the 
threshold minus the margin S , then the access point can direct the user terminal to 
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increase its transmit power by the particular amount. If the received SNR is within the 
acceptable limits of the setpoint, then the access point will not request a change in 
transmit power by the user terminal. The uplink transmit power is given as the initial 
transmit power level plus the sum of all power adjustments received from the access 
point. 

[00462] The initial setpoint used at the access point is set to achieve a particular level of 

performance. This setpoint is adjusted by the outer loop based on the HER or PER for 
the RCH. For example, if no frame/packet errors occur over a specified time period, 
then the setpoint may be reduced by a first amount (e.g., 0.1 dB). If the average FER is 
exceeded by the occurrence of one or more frame/packet errors, then the setpoint may 
be increased by a second amount (e.g., 1 dB). The setpoint, hysteresis margin, and 
outer loop operation are specific to the power control design used for the system. 
4. Timing Control 

[00463] Timing control may be advantageously used in a TDD-based frame structure 

where the downlink and uplink share the same frequency band in a time division 
duplexed manner. The user terminals may be located throughout in the system and may 
thus be associated with different propagation delays to the access point. In order to 
maximize efficiency on the uplink, the timing of the uplink transmission on the RCH 
and RACH from each user terminal can be adjusted to account for its propagation delay. 
This would then ensure that the uplink transmissions from different user terminals arrive 
within a particular time window at the access point and do not interfere with one 
another on the uplink, or with the downlink transmission. 

[00464] FIG. 16 illustrates a process for adjusting the uplink timing of a user terminal. 

Initially, the user terminal sends an RACH PDU on the uplink to gain access to the 
system. The access point derives an initial estimate of the round trip delay (RID) 
associated with the user terminal. The round trip delay may be estimated based on (1) a 
sliding correlator used at the access point to determine the start of transmission, and (2) 
the slot ID included in the RACH PDU sent by the user terminal. The access point then 
computes an initial timing advance for the user terminal based on the initial RTD 
estimate. The initial timing advance is sent to the user terminal prior to its transmission 
on the RCH. The initial timing advance may be sent in a message on the FCH, a field 
of an FCCH information element, or by some other means. 
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[00465] The user terminal receives the initial timing advance from the access point and 

thereafter uses this timing advance on all subsequent uplink transmissions on both the 
RCH and RACH. If the user terminal is assigned FCH/RCH resources, then its timing 
advance can be adjusted by commands . sent by the access point in the RCH Timing 
Adjustment field of an FCCH information element. The user terminal would thereafter 
adjust its uplink transmissions on the RCH based on the current timing advance, which 
is equal to the initial timing advance plus all timing adjustments sent by the access point 
to the user terminal. 

[00466] Various parts of the MIMO WLAN system and various techniques described 

herein may be implemented by various means. For example, the processing at the 
access point and user terminal may be implemented in hardware, software, or a 
combination thereof. For a hardware implementation, the processing may be 
implemented within one or more application specific integrated circuits (ASICs), digital 
signal processors (DSPs), digital signal processing devices (DSPDs), programmable 
logic devices (PLDs), field programmable gate arrays (FPGAs), processors, controllers, 
micro-controllers, microprocessors, other electronic units designed to perform the 
functions described herein, or a combination thereof. 

[00467] For a software implementation, the processing may be implemented with 

modules (e.g., procedures, functions, and so on) that perform the functions described 
herein. The software codes may be stored in a memory unit (e.g., memory 732 or 782 
in FIG. 7) and executed by a processor (e.g., controller 730 or 780). The memory unit 
may be implemented within the processor or external to the processor, in which case it 
can be communicatively coupled to the processor via various means as is known in the 
art. 

[00468] Headings are included herein for reference and to aid in locating certain 

sections. These headings are not intended to limit the scope of the concepts described 
therein under, and these concepts may have applicability in other sections throughout 
the entire specification. 

[00469] The previous description of the disclosed embodiments is provided to enable any 

person skilled in the art to make or use the present invention. Various modifications to 
these embodiments will be readily apparent to those skilled in the art, and the generic 
principles defined herein may be applied to other embodiments without departing from 
the spirit or scope of the invention. Thus, the present invention is not intended to be 
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limited to the embodiments shown herein but is to be accorded the widest scope 
consistent with the principles and novel features disclosed herein. 

WHAT IS CLAIMED IS: 
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CLAIMS 

1. A method of transmitting data in a wireless multiple-access multiple- 
input multiple-output (MEMO) communication system, comprising: 

selecting at least one user terminal from among a plurality of user terminals for 
data transmission in a current scheduling interval, wherein the at least one user terminal 
includes a user terminal with multiple antennas; 

selecting at least one rate for each of the at least one user terminal, wherein each 
of the at least one rate is selected from among a plurality of rates supported by the 
system, and wherein each of the plurality of rates is associated with a particular code 
rate and a particular modulation scheme; 

selecting a transmission mode for each of the at least one user terminal, wherein 
the transmission mode for each user terminal is selected from among a plurality of 
transmission modes supported by the system; and 

scheduling the at least one user terminal for data transmission in the current 
scheduling interval with the at least one rate and the transmission mode selected for 
each user terminal 

2. The method of claim 1, further comprising: 

selecting a transmission duration for each of the at least one user terminal, and 
wherein the at least one user terminal is scheduled for data transmission in the current 
scheduling interval for the transmission duration selected for each user terminal. 

3. The method of claim 1, wherein each of the at least one user terminal is 
scheduled for data transmission on a downlink, an uplink, or both the downlink and 
uplink in the current scheduling interval. 

4. The method of claim 3, wherein for each user terminal scheduled for data 
transmission on both the downlink and uplink, the at least one rate and the transmission 
mode for the user terminal are selected independently for the downlink and uplink. 

5. The method of claim 2, wherein for each user terminal scheduled for data 
transmission on both downlink and uplink, the transmission duration for the user 
terminal is selected independently for the downlink and uplink. 
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6. The method of claim 1, wherein the plurality of transmission modes 
include a diversity mode and a spatial multiplexing mode, the diversity mode supporting 
data transmission with redundancy from a plurality of transmit antennas, and the spatial 
multiplexing mode supporting data transmission on a plurality of spatial channels. 

7. The method of claim 6, wherein the plurality of transmission modes 
further include a beam-steering mode supporting data transmission on a single spatial 
channel associated with a highest rate among the plurality of spatial channels, 

8. The method of claim 6, wherein the plurality of transmission modes 
further include a single-input multiple-output (SIMO) mode supporting data 
transmission from a single transmit antenna to multiple receive antennas. 

9. The method of claim 1, wherein the transmission mode selected for each 
user terminal is dependent on the number of antennas available at the user terminal 

10. The method of claim 1, wherein the MIMO communication system 
utilizes orthogonal frequency division multiplexing (OFDM). 

1 1 . The method of claim 10, further comprising: 

selecting a transmission duration, in integer number of OFDM symbols, for each 
of the at least one user terminal, and wherein the at least one user terminal is scheduled 
for data transmission in the current scheduling interval for the transmission duration 
selected for each user terminal. 

12. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MIMO) communication system, comprising: 

a controller operative to 

select at least one user terminal from among a plurality of user terminals for data 
transmission in a current scheduling interval, wherein the at least one user terminal 
includes a user terminal with multiple antennas, 
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select at least one rate for each of the at least one user terminal, wherein each of 
the at least one rate is selected from among a plurality of rates supported by the system, 
and wherein each of the plurality of rates is associated with a particular code rate and a 
particular modulation scheme, and 

select a transmission mode for each of the at least one user terminal, wherein the 
transmission mode for each user terminal is selected from among a plurality of 
transmission modes supported by the system; and 

a scheduler operative to schedule the at least one user terminal for data 
transmission in the current scheduling interval with the at least one rate and the 
transmission mode selected for each user terminal. 

13. The apparatus of claim 12, wherein the controller is further operative to 
select a transmission duration for each of the at least one user terminal, and wherein the 
at least one user terminal is scheduled for data transmission in the current scheduling 
interval for the transmission duration selected for each user terminal. 

14. The apparatus of claim 12, wherein the plurality of transmission modes 
include a diversity mode and a spatial multiplexing mode, the diversity mode supporting 
data transmission with redundancy from a plurality of transmit antennas, and the spatial 
multiplexing mode supporting data transmission on a plurality of spatial channels. 

15. The apparatus of claim 14, wherein the plurality of transmission modes 
further include a beam-steering mode supporting data transmission on a single spatial 
channel associated with a highest rate among the plurality of spatial channels. 

16. The apparatus of claim 12, wherein the MIMO communication system 
utilizes orthogonal frequency division multiplexing (OFDM). 

17. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MIMO) communication system, comprising: 

means for selecting at least one user terminal from among a plurality of user 
terminals for data transmission in a current scheduling interval, wherein the at least one 
user terminal includes a user terminal with multiple antennas; 
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means for selecting at least one rate for each of the at least one user terminal, 
wherein each of the at least one rate is selected from among a plurality of rates 
supported by the system, and wherein each of the plurality of rates is associated with a 
particular code rate and a particular modulation scheme; 

means for selecting a transmission mode for each of the at least one user 
terminal, wherein the transmission mode for each user terminal is selected from among 
a plurality of transmission modes supported by the system; and 

means for scheduling the at least one user terminal for data transmission in the 
current scheduling interval with the at least one rate and the transmission mode selected 
for each user terminal. 

18. The apparatus of claim 17, further comprising: 

means for selecting a transmission duration for each of the at least one user 
terminal, and wherein the at least one user terminal is scheduled for data transmission in 
the current scheduling interval for the transmission duration selected for each user 
terminal. 

19. The apparatus of claim 17, wherein the plurality of transmission modes 
include a diversity mode and a spatial multiplexing mode, the diversity mode supporting 
data transmission with redundancy from a plurality of transmit antennas, and the spatial 
multiplexing mode supporting data transmission on a plurality of spatial channels. 

20. The apparatus of claim 19, wherein the plurality of transmission modes 
further include a beam-steering mode supporting data transmission on a single spatial 
channel associated with a highest rate among the plurality of spatial channels. 

21. The apparatus of claim 17, wherein the MIMO communication system 
utilizes orthogonal frequency division multiplexing (OFDM). 

22. A method of transmitting data in a wireless multiple-access multiple- 
input multiple-output (MIMO) communication system, comprising: 

selecting a first user terminal, equipped with a single receive antenna, from 
among a plurality of user terminals; 
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transmitting data, based on a first transmission mode, from multiple transmit 
antennas to the single received antenna of the first user terminal in a first time interval; 

selecting a second user terminal, equipped with multiple receive antennas, from 
among the plurality of user terminals; and 

transmitting data, based on a second transmission mode, from the multiple 
transmit antennas to the multiple receive antennas of the second user terminal in a 
second time interval, wherein the first and second transmission modes are selected from 
among a plurality of transmission modes supported by the system. 

23. The method of claim 22, further comprising: 

selecting a third user terminal, equipped with multiple receive antennas, from 
among the plurality of user terminals; and 

transmitting data, based on a third transmission mode, from the multiple transmit 
antennas to the multiple receive antennas of the third user terminal in a third time 
interval, wherein the third transmission mode is selected from among the plurality of 
transmission modes. 

24. The method of claim 22, wherein the plurality of transmission modes 
include a spatial multiplexing mode supporting data transmission on a plurality of 
spatial channels formed by the multiple transmit antennas and multiple receive 
antennas. 

25. The method of claim 24, wherein each of the plurality of spatial channels 
is associated with a respective rate. 

26. The method of claim 24, wherein the number of spatial channels used for 
data transmission in the spatial multiplexing mode is selectable. 

27. The method of claim 22, wherein the plurality of transmission modes 
include a beam-steering mode supporting data transmission on a single spatial channel 
associated with a highest rate among a plurality of spatial channels formed by the 
multiple transmit antennas and multiple receive antennas. 
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28. The method of claim 22, wherein the plurality of transmission modes 
include a diversity mode supporting data transmission with redundancy from the 
multiple transmit antennas. 

29. The method of claim 28, wherein the diversity mode implements space- 
time transmit diversity (STTD) supporting, transmission of each pair of modulation 
symbols from a pair of antennas in two symbol periods. 

30. The method of claim 28, wherein the diversity mode implements space- 
frequency transmit diversity (SFTD) supporting transmission of each pair of modulation 
symbols from a pair of antennas in two subbands. 

31. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MMO) communication system, comprising: 

a controller operative to select a first user terminal equipped with a single 
receive antenna and a second user terminal equipped with multiple receive antennas 
from among a plurality of user terminals; and 

a transmit spatial processor operative to 

process data based on a first transmission mode for transmission from multiple 
transmit antennas to the single received antenna of the first user terminal in a first time 
interval, and 

process data based on a second transmission mode for transmission from the 
multiple transmit antennas to the multiple receive antennas of the second user terminal 
in a second time interval, wherein the first and second transmission modes are selected 
from among a plurality of transmission modes supported by the system. 

32. The apparatus of claim 31, wherein the controller is further operative to 
select a third user terminal equipped with multiple receive antennas from among the 
plurality of user terminals, and wherein the transmit spatial processor is further 
operative to process data based on a third transmission mode for transmission from the 
multiple transmit antennas to the multiple receive antennas of the third user terminal in 
a third time interval, wherein the third transmission mode is selected from among the 
plurality of transmission modes. 
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33. The apparatus of claim 31, wherein the plurality of transmission modes 
include a spatial multiplexing mode supporting data transmission on a plurality of 
spatial channels formed by the multiple transmit antennas and multiple receive 
antennas. 

34. The apparatus of claim 31, wherein the plurality of transmission modes 
include a beam-steering mode supporting data transmission on a single spatial channel 
associated with a highest rate among a plurality of spatial channels formed by the 
multiple transmit antennas and multiple receive antennas. 

35. The apparatus of claim 31, wherein the plurality of transmission modes 
include a diversity mode supporting data transmission with redundancy from the 
multiple transmit antennas. 

36. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MIMO) communication system, comprising: 

means for selecting a first user terminal, equipped with a single receive antenna, 
from among a plurality of user terminals; 

means for transmitting data, based on a first transmission mode, from multiple 
transmit antennas to the single received antenna of the first user terminal in a first time 
interval; 

means for selecting a second user terminal, equipped with multiple receive 
antennas, from among the plurality of user terminals; and 

means for transmitting data, based on a second transmission mode, from the 
multiple transmit antennas to the multiple receive antennas of the second user terminal 
in a second time interval, wherein the first and second transmission modes are selected 
from among a plurality of transmission modes supported by the system. 

37. The apparatus of claim 36, further comprising: 

means for selecting a third user terminal, equipped with multiple receive 
antennas, from among the plurality of user terminals; and 
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means for transmitting data, based on a third transmission mode, from the 
multiple transmit antennas to the multiple receive antennas of the third user terminal in 
a third time interval, wherein the third transmission mode is selected from among the 
plurality of transmission modes. 

38. The apparatus of claim 36, wherein the plurality of transmission modes 
include a spatial multiplexing mode supporting data transmission on a plurality of 
spatial channels formed by the multiple transmit antennas and multiple receive 
antennas. 

39. The apparatus of claim 36, wherein the plurality of transmission modes 
include a beam-steering mode supporting data transmission on a single spatial channel 
associated with a highest rate among a plurality of spatial channels formed by the 
multiple transmit antennas and multiple receive antennas. 

40. The apparatus of claim 36, wherein the plurality of transmission modes 
include a diversity mode supporting data transmission with redundancy from the 
multiple transmit antennas. 

41. A method of exchanging data in a wireless time division duplex (TDD) 
multiple-access multiple-input multiple-output (MIMO) communication system, 
comprising: 

selecting a first set of at least one user terminal for data transmission on a 
downlink in a current scheduling interval; 

selecting a second set of at least one user terminal for data transmission on an 
uplink in the current scheduling interval; 

transmitting data on the downlink to the first set of at least one user terminal in a 
first time segment of the current scheduling interval; and 

receiving data transmission on the uplink from the second set of at least one user 
terminal in a second time segment of the current scheduling interval, wherein the first 
and second time segments are time division duplexed in the current scheduling interval. 



42. The method of claim 41, further comprising: 
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selecting a transmission mode, from among a plurality of transmission modes 
supported by the system, for each user terminal in the first set, and wherein data is 
transmitted to each' user terminal in the first set is based on the transmission mode 
selected for the user terminal. 

43 . The method of claim 4 1 , further comprising: 

obtaining channel estimates for each user terminal in the first set based on a pilot 
transmitted on the uplink by the user terminal, and wherein data is transmitted to each 
user terminal in the first set based on the channel estimates obtained for the user 
terminal. 

44. The method of claim 41, further comprising: 

selecting a transmission mode, from among a plurality of transmission modes 
supported by the system, for each user terminal in the second set, and wherein the data 
transmission from each user terminal in the second set is based on the transmission 
mode selected for the user terminal. 

45. The method of claim 41, further comprising: 
determining timing of each user terminal in the second set; and 

adjusting timing of the data transmission on the uplink for each user terminal in 
the second set based on the determined timing of the user terminal. 

46. The method of claim 41 , further comprising: 

determining received power for each user terminal in the second set; and 
adjusting transmit power of the data transmission on the uplink for each user 
terminal in the second set based on the received power for the user terminal. 

47. An apparatus in a wireless time division duplex (TDD) multiple-access 
multiple-input multiple-output (MIMO) communication system, comprising: 

a controller operative to select a first set of at least one user terminal for data 
transmission on a downlink in a current scheduling interval and a second set of at least 
one user terminal for data transmission on an uplink in the current scheduling interval; 
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a transmit spatial processor operative to process data for transmission on the 
downlink to the first set of at least one user terminal in a first time segment of the 
current scheduling interval; and 

a receive spatial processor operative to receive data transmission on the uplink 
from the second set of at least one user terminal in a second time segment of the current 
scheduling interval, wherein the first and second time segments are time division 
duplexed in the current scheduling interval. 

48. The apparatus of claim 47, wherein the controller is further operative to 
select a transmission mode, from among a plurality of transmission modes supported by 
the system, for each user terminal in the first set, and wherein data is transmitted to each 
user terminal in the first set is based on the transmission mode selected for the user 
terminal. 

49. The apparatus of claim 47, wherein the controller is further operative to 
obtain channel estimates for each user terminal in the first set based on a pilot 
transmitted on the uplink by the user terminal, and wherein data is transmitted to each 
user terminal in the first set based on the channel estimates obtained for the user 
terminal. 

50. The apparatus of claim 47, wherein the controller is further operative to 
select a transmission mode, from among a plurality of transmission modes supported by 
the system, for each user terminal in the second set, and wherein the data transmission 
from each user terminal in the second set is based on the transmission mode selected for 
the user terminal. 

51. The apparatus of claim 47, wherein the controller is further operative to 
determine timing of each user terminal in the second set and to adjust timing of the data 
transmission on the uplink for each user terminal in the second set based on the 
determined timing of the user terminal. 

52. The apparatus of claim 47, wherein the controller is further operative to 
determine received power for each user terminal in the second set and to adjust transmit 
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power of the data transmission on the uplink for each user terminal in the second set 
based on the received power for the user terminal. 

53. An apparatus in a wireless time division duplex (TDD) multiple-access 
multiple-input multiple-output (MTMO) communication system, comprising: 

means for selecting a first set of at least one user terminal for data transmission 
on a downlink in a current scheduling interval; 

means for selecting a second set of at least one user terminal for data 
transmission on an uplink in the current scheduling interval; 

means for transmitting data on the downlink to the first set of at least one user 
terminal in a first time segment of the current scheduling interval; and 

means for receiving data transmission on the uplink from the second set of at 
least one user terminal in a second time segment of the current scheduling interval, 
wherein the first and second time segments are time division duplexed in the current 
scheduling interval. 

54. The apparatus of claim 53, further comprising: 

means for selecting a transmission mode, from among a plurality of transmission 
modes supported by the system, for each user terminal in the first set, and wherein data 
is transmitted to each user terminal in the first set is based on the transmission mode 
selected for the user terminal. 

55. The apparatus of claim 53, further comprising: 

means for obtaining channel estimates for each user terminal in the first set 
based on a pilot transmitted on the uplink by the user terminal, and wherein data is 
transmitted to each user terminal in the first set based on the channel estimates obtained 
for the user terminal. 

56. The apparatus of claim 53, further comprising: 

means for selecting a transmission mode, from among a plurality of transmission 
modes supported by the system, for each user terminal in the second set, and wherein 
the data transmission from each user terminal in the second set is based on the 
transmission mode selected for the user terminal. 
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57. The apparatus of claim 53, further comprising: 

means for determining timing of each user terminal in the second set; and 
means for adjusting timing of the data transmission on the uplink for each user 
terminal in the second set based on the determined timing of the user terminal. 

58. The apparatus of claim 53, further comprising: 

means for determining received power for each user terminal in the second set; 

and 

means for adjusting transmit power of the data transmission on the uplink for 
each user terminal in the second set based on the received power for the user terminal. 

59. A method of exchanging data in a wireless time division duplex (TDD) 
multiple-input multiple-output (MIMO) communication system, comprising: 

receiving a pilot on an uplink from a user terminal; 

deriving at least one steering vector for a downlink for the user terminal based 
on the received pilot; and 

performing spatial processing, with the at least one steering vector, on a first 
data transmission sent on the downlink to the user terminal. 

60. The method of claim 59, wherein a single steering vector is derived for 
the downlink for the user terminal, and wherein spatial processing for beam-steering is 
performed on the first data transmission with the single steering vector to send the first 
data transmission via a single spatial channel of the downlink. 

61. The method of claim 59, wherein a plurality of steering vectors are 
derived for the downlink for the user terminal, and wherein spatial processing for spatial 
multiplexing is performed on first the data transmission with the plurality of steering 
vectors to send the first data transmission via a plurality of spatial channels of the 
downlink. 

62. The method of claim 59, further comprising: 
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deriving a matched filter for the uplink for the user terminal based on the 
received pilot; and 

performing matched filtering of a second data transmission received on the 
uplink from the user terminal with the matched filter. 

63. The method of claim 62, wherein the matched filter comprises at least 
one eigenvector for at least one eigenmode of the uplink, and wherein the at least one 
eigenvector for the uplink is equal to the at least one steering vector for the downlink. 

64. An apparatus in a wireless time division duplex (TDD) multiple-input 
multiple-output (MMO) communication system, comprising: 

a receive spatial processor operative to receive a pilot on an uplink from a user 
terminal; 

a controller operative to derive at least one steering vector for a downlink for the 
user terminal based on the received pilot; and 

a transmit spatial processor operative to perform spatial processing with the at 
least one steering vector on a first data transmission sent on the downlink to the user 
terminal. 

65. The apparatus of claim 64, wherein the controller is operative to derive a 
single steering vector for the downlink for the user terminal, and wherein the transmit 
spatial processor is operative to perform spatial processing for beam-steering on the first 
data transmission with the single steering vector to send the first data transmission via a 
single spatial channel of the downlink. 

66. The apparatus of claim 64, wherein the controller is operative to derive a 
plurality of steering vectors for the downlink for the user terminal, and wherein the 
transmit spatial processor is operative to perform spatial processing for spatial 
multiplexing on first the data transmission with the plurality of steering vectors to send 
the first data transmission via a plurality of spatial channels of the downlink. 

67. The apparatus of claim 64, wherein the controller is further operative to 
derive a matched filter for the uplink for the user terminal based on the received pilot, 
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and wherein the receive spatial processor is further operative to perform matched 
filtering of a second data transmission received on the uplink from the user terminal 
with the matched filter. 

68. The apparatus of claim 67, wherein the matched filter comprises at least 
one eigenvector for at least one eigenmode of the uplink, and wherein the at least one 
eigenvector for the uplink is equal to the at least one steering vector for the downlink. 

69. An apparatus in a wireless time division duplex (TDD) multiple-input 
multiple-output (MEMO) communication system, comprising: 

means for receiving a pilot on an uplink from a user terminal; 

means for deriving at least one steering vector for a downlink for the user 
terminal based on the received pilot; and 

means for performing spatial processing, with the at least one steering vector, on 
a first data transmission sent on the downlink to the user terminal. 

70. The apparatus of claim 69, wherein a single steering vector is derived for 
the downlink for the user terminal, and wherein spatial processing for beam-steering is 
performed on the first data transmission with the single steering vector to send the first 
data transmission via a single spatial channel of the downlink. 

71. The apparatus of claim 69, wherein a plurality of steering vectors are 
derived for the downlink for the user terminal, and wherein spatial processing for spatial 
multiplexing is performed on first the data transmission with the plurality of steering 
vectors to send the first data transmission via a plurality of spatial channels of the 
downlink. 

72. The apparatus of claim 69, further comprising: 

means for deriving a matched filter for the uplink for the user terminal based on 
the received pilot; and 

means for performing matched filtering of a second data transmission received 
on the uplink from the user terminal with the matched filter. 
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73. The apparatus of claim 72, wherein the matched filter comprises at least 
one eigenvector for at least one eigenmode of the uplink, and wherein the at least one 
eigenvector for the uplink is equal to the at least one steering vector for the downlink. 

74. A method of transmitting and receiving pilots in a wireless multiple- 
input multiple-output (MMO) communication system, comprising: 

transmitting a MMO pilot from a plurality of antennas and on a first 
communication link, wherein the MMO pilot comprises a plurality of pilot 
transmissions sent from the plurality of antennas, and wherein the pilot transmission 
from each antenna is identifiable by a communicating entity receiving the MMO pilot; 
and 

receiving a steered pilot-via at least one eigenmode of a second communication 
link from the communicating entity, wherein the steered pilot is generated based on the 
MIMO pilot. 

75. The method of claim 74, wherein the first communication link is an 
uplink, the second communication link is a downlink, and the communicating entity is a 
user terminal. 

76. The method of claim 74, wherein the first communication link is a 
downlink, the second communication link is an uplink, and the communicating entity is 
an access point. 

77. The method of claim 74, wherein the pilot transmission from each 
antenna is associated with a different orthogonal code. 

78. The method of claim 74, wherein the steered pilot is received via a single 
eigenmode of the second communication link and is transmitted at full transmit power 
from a plurality of antennas at the communicating entity. 

79. The method of claim 74, wherein the steered pilot is received via a 
plurality of eigenmodes of the second communication link. 
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80. The method of claim 74, wherein the steered pilot is transmitted by the 
communicating entity for a time duration configurable by the system. 

81. An apparatus in a wireless multiple-input multiple-output (MIMO) 
communication system, comprising: 

a transmit spatial processor operative to generate a MEMO pilot for transmission 
from a plurality of antennas and on a first communication link, wherein the MIMO pilot 
comprises a plurality of pilot transmissions sent from the plurality of antennas, and 
wherein the pilot transmission from each antenna is identifiable by a communicating 
entity receiving the MIMO pilot; and 

a receive spatial processor operative to process a steered pilot received via at 
least one eigenmode of a second communication link from the communicating entity, 
wherein the steered pilot is generated based on the MIMO pilot. 

82. The apparatus of claim 81, wherein the pilot transmission from each 
antenna is associated with a different orthogonal code. 

83. The apparatus of claim 81, wherein the steered pilot is received via a 
single eigenmode of the second communication link and is transmitted at full transmit 
power from a plurality of antennas at the communicating entity. 

84. The apparatus of claim 81, wherein the steered pilot is received via a 
plurality of eigenmodes of the second communication link. 

85. An apparatus in a wireless multiple-input multiple-output (MIMO) 
communication system, comprising: 

means for transmitting a MMO pilot from a plurality of antennas and on a first 
communication link, wherein the MMO pilot comprises a plurality of pilot 
transmissions sent from the plurality of antennas, and wherein the pilot transmission 
from each antenna is identifiable by a communicating entity receiving the MIMO pilot; 
and 
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means for receiving a steered pilot via at least one eigenmode of a second 
communication link from the communicating entity, wherein the steered pilot is 
generated based on the MIMO pilot. 

86. The apparatus of claim 85, wherein the pilot transmission from each 
antenna is associated with a different orthogonal code. 

87. The apparatus of claim 85, wherein the steered pilot is received via a 
single eigenmode of the second communication link and is transmitted at full transmit 
power from a plurality of antennas at the communicating entity. 

88. The apparatus of claim 85, wherein the steered pilot is received via a 
plurality of eigenmodes of the second communication link. 

89. A method of performing channel estimation in a wireless multiple-input 
multiple-output (MIMO) communication system, comprising: 

receiving a steered pilot via at least one eigenmode of an uplink from a user 
terminal; and 

estimating a channel response of the at least one eigenmode of the uplink for the 
user terminal based on the received steered pilot. 

90. The method of claim 89, further comprising: 

deriving a matched filter based on the estimated channel response of the at least 
one eigenmode of the uplink, wherein the matched filter is used for matched filtering of 
a data transmission received via the at least one eigenmode of the uplink from the user 
terminal. 

9 1 . The method of claim 89, further comprising: 

estimating a channel response of at least one eigenmode of a downlink for the 
user terminal based on the received steered pilot. 



92. The method of claim 91, further comprising: 
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deriving at least one steering vector based on the estimated channel response of 
the at least one eigenmode of the downlink, wherein the at least one steering vector is 
used for data transmission on the at least one eigenmode of the downlink to the user 
terminal. 



93. The method of claim 92, wherein the steered pilot is received via a 
plurality of eigenmodes of the uplink, wherein the channel response of a plurality of 
eigenmode of the downlink for the user terminal is estimated based on the received 
steered pilot, and wherein a plurality of steering vectors are derived based on the 
estimated channel response of the plurality of eigenmodes of the downlink. 

94. The method of claim 93, wherein the plurality of steering vectors are 
derived to be orthogonal to one another. 

95. An apparatus in a wireless multiple-input multiple-output (MEMO) 
communication system, comprising: 

a receive spatial processor operative to receive a steered pilot via at least one 
eigenmode of an uplink from a user terminal; and 

a controller operative to estimate a channel response of the at least one 
eigenmode of the uplink for the user terminal based on the received steered pilot. 

96. The apparatus of claim 95, wherein the controller is further operative to 
derive a matched filter based on the estimated channel response of the at least one 
eigenmode of the uplink, wherein the matched filter is used for matched filtering of a 
data transmission received via the at least one eigenmode of the uplink from the user 
terminal. 



97. The apparatus of claim 95, wherein the controller is further operative to 
estimate a channel response of at least one eigenmode of a downlink for the user 
terminal based on the received steered pilot. 

98. The apparatus of claim 97, wherein the controller is further operative to 
derive at least one steering vector based on the estimated channel response of the at 
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least one eigenmode of the downlink, wherein the at least one steering vector is used for 
data transmission on the at least one eigenmode of the downlink to the user terminal. 

99. An apparatus in a wireless multiple-input multiple-output (MMO) 
communication system, comprising: 

means for receiving a steered pilot via at least one eigenmode of an uplink from 
a user terminal; and 

means for estimating a channel response of the at least one eigenmode of the 
uplink for the user terminal based on the received steered pilot. 

100. The apparatus of claim 99, further comprising: 

means for deriving a matched filter based on the estimated channel response of 
the at least one eigenmode of the uplink, wherein the matched filter is used for matched 
filtering of a data transmission received via the at least one eigenmode of the uplink 
from the user terminal. 

101. The apparatus of claim 99, further comprising: 

means for estimating a channel response of at least one eigenmode of a 
downlink for the user terminal based on the received steered pilot. 

102. The apparatus of claim 101, further comprising: 

means for deriving at least one steering vector based on the estimated channel 
response of the at least one eigenmode of the downlink, wherein the at least one steering 
vector is used for data transmission on the at least one eigenmode of the downlink to the 
user terminal. 

103. A channel structure for a wireless multiple-access multiple-input 
multiple-output (MIMO) communication system, comprising: 

a broadcast channel for transmitting, on a downlink, system parameters and a 
pilot used for channel estimation of the downlink; 

a forward control channel for transmitting, on the downlink, a schedule for data 
transmission on the downlink and an uplink; 

a forward channel for transmitting traffic data on the downlink; 
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a random access channel for transmitting, on the uplink, user requests to access 
the system; and 

a reverse channel for transmitting traffic data on the uplink. 

104. The channel structure of claim 103, wherein the broadcast channel, 
forward control channel, forward channel, random access channel, and reverse channel 
are time division multiplexed within a frame having a predetermined time duration. 

105. The channel structure of claim 104, wherein the broadcast channel is 
transmitted first and the forward control channel is transmitted second in the frame. 

106. The channel structure of claim 103, wherein the broadcast channel and 
the forward control channel are transmitted using a diversity mode supporting data 
transmission with redundancy from a plurality of transmit antennas. 

107. The channel structure of claim 103, wherein the forward channel and the 
reverse channel support a diversity mode and a spatial multiplexing mode, the diversity 
mode supporting data transmission with redundancy from a plurality of transmit 
antennas, and the spatial multiplexing mode supporting data transmission on a plurality 
of spatial channels. 

108. The channel structure of claim 103, wherein the random access channel 
supports a single-input multiple-output (SIMO) mode and a beam-steering mode, the 
SIMO mode supporting data transmission from a single transmit antenna to multiple 
receive antennas, and the beam-steering mode supporting data transmission on a single 
spatial channel associated with a highest rate among a plurality of spatial channels. 

109. The channel structure of claim 103, wherein the forward channel and the 
reverse channel each has a variable time duration. 

110. The channel structure of claim 103, wherein the forward control channel 
and the random access channel each has a variable time duration. 
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111. The channel structure of claim 103, wherein the schedule includes 
identities of user terminals scheduled for data transmission on the downlink and uplink. 

112. The channel structure of claim 103, wherein the schedule includes a 
transmission mode and at least one rate for each user terminal scheduled for data 
transmission on the downlink and uplink, the transmission mode being selected from 
among a plurality of transmission modes supported by the system, and each of the at 
least one rate being selected from among a plurality of rates supported by the system. 

113. The channel structure of claim 103, wherein the forward channel is 
further for transmitting a steered pilot on at least one eigenmode of the downlink for a 
user terminal. 

114. The channel structure of claim 103, wherein the reverse channel is 
further for transmitting on the uplink a second pilot used for channel estimation of the 
uplink. 

115. The channel structure of claim 103, wherein the reverse channel is 
further for transmitting a steered pilot on at least one eigenmode of the uplink from a 
user terminal. 

116. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MIMO) communication system, comprising: 

a transmit data processor operative to 

process system parameters and a pilot for transmission via a broadcast channel, 
wherein the pilot is used for channel estimation of the downlink, 

process scheduling information for transmission via a forward control channel, 
wherein the scheduling information is for data transmission on the downlink and an 
uplink, and 

process traffic data for transmission via a forward channel; and 
a receive data processor operative to 

process user requests received via a random access channel, and 
process traffic data received via a reverse channel. 



WO 2004/039011 



PCT/US2003/034514 



149 

117. The apparatus of claim 116, wherein the broadcast channel, forward 
control channel, forward channel, random access channel, and reverse channel are time 
division multiplexed within a frame having a predetermined time duration. 

118. The apparatus of claim 116, wherein the broadcast channel and the 
forward control channel are transmitted using a diversity mode supporting data 
transmission with redundancy from a plurality of transmit antennas. 

1 19. The apparatus of claim 116, wherein the forward channel and the reverse 
channel support a diversity mode and a spatial multiplexing mode, the diversity mode 
supporting data transmission with redundancy from a plurality of transmit antennas, and 
the spatial multiplexing mode supporting data transmission on a plurality of spatial 
channels. 

120. The apparatus of claim 1 16, wherein the random access channel supports 
a single-input multiple-output (SEVTO) mode and a beam-steering mode, the SMO 
mode supporting data transmission from a single transmit antenna to multiple receive 
antennas, and the beam-steering mode supporting data transmission on a single spatial 
channel associated with a highest rate among a plurality of spatial channels. 

121. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MIMO) communication system, comprising: 

means for processing system parameters and a pilot for transmission via a 
broadcast channel, wherein the pilot is used for channel estimation of the downlink; 

means for processing scheduling information for transmission via a forward 
control channel, wherein the scheduling information is for data transmission on the 
downlink and an uplink; 

means for processing traffic data for transmission via a forward channel; 

means for processing user requests received via a random access channel; and 

means for processing traffic data received via a reverse channel. 
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122. The channel structure of claim 121, wherein the broadcast channel, 
forward control channel, forward channel, random access channel, and reverse channel 
are time division multiplexed within a frame having a predetermined time duration. 

123. The channel structure of claim 121, wherein the broadcast channel and 
the forward control channel are transmitted using a diversity mode supporting data 
transmission with redundancy from a plurality of transmit antennas. 

124. The channel structure of claim 121, wherein the forward channel and the 
reverse channel support a diversity mode and a spatial multiplexing mode, the diversity 
mode supporting data transmission with redundancy from a plurality of transmit 
antennas, and the spatial multiplexing mode supporting data transmission on a plurality 
of spatial channels. 

125. The channel structure of claim 121, wherein the random access channel 
supports a single-input multiple-output (SEVIO) mode and a beam-steering mode, the 
SEVIO mode supporting data transmission from a single transmit antenna to multiple 
receive antennas, and the beam-steering mode supporting data transmission on a single 
spatial channel associated with a highest rate among a plurality of spatial channels. 

126. A method of transmitting signaling information in a wireless multiple- 
input multiple-output (MMO) communication system, comprising: 

transmitting signaling information for a first set of at least one user terminal at a 
first rate on a first subchannel of a forward control channel; and 

transmitting signaling information for a second set of at least one user terminal 
at a second rate on a second subchannel of the forward control channel, wherein the 
second rate is higher than the first rate, and wherein the second subchannel is 
transmitted after the first subchannel. 

127. The method of claim 126, further comprising: 

transmitting signaling information for a third set of at least one user terminal at a 
third rate on a third subchannel of the forward control channel, wherein the third rate is 
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higher than the second rate, and wherein the third subchannel is transmitted after the 
second subchannel. 

128. The method of claim 126, wherein the first subchannel indicates whether 
or not the second subchannel is transmitted in a current frame. 

129. An apparatus in a wireless multiple-input multiple-output (MIMO) 
communication system, comprising: 

a transmit data processor operative to 

process signaling information for a first set of at least one user terminal based on 
a first rate, and 

process signaling information for a second set of at least one user terminal based 
on a second rate that is higher than the first rate; and 
a transmitter unit operative to 

transmit the processed scheduling information for the first user terminal set on a 
first subchannel of a forward control channel, and 

transmit the processed scheduling information for the second user terminal set 
on a second subchannel of the forward control channel, wherein the second subchannel 
, is transmitted after the first subchannel. 

130. The apparatus of claim 129, wherein the transmit data processor is 
further operative to process signaling information for a third set of at least one user 
terminal based on a third rate that is higher than the second rate, and wherein the 
transmitter unit is further operative to transmit the processed signaling information for 
the third user terminal set on a third subchannel of the forward control channel, wherein 
the third subchannel is transmitted after the second subchannel. 

131. The apparatus of claim 129, wherein the first subchannel indicates 
whether or not the second subchannel is transmitted in a current frame. 

132. An apparatus in a wireless multiple-input multiple-output (MIMO) 
communication system, comprising: 
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means for transmitting signaling information for a first set of at least one user 
terminal at a first rate on a first subchannel of a forward control channel; and 

means for transmitting signaling information for a second set of at least one user 
terminal at a second rate on a second subchannel of the forward control channel, 
wherein the second rate is higher than the first rate, and wherein the second subchannel 
is transmitted after the first subchannel. 

133. The apparatus of claim 132, further comprising: 

means for transmitting signaling information for a third set of at least one user 
terminal at a third rate on a third subchannel of the forward control channel, wherein the 
third rate is higher than the second rate, and wherein the third subchannel is transmitted 
after the second subchannel. 

134. The apparatus of claim 132, wherein the first subchannel indicates 
whether or not the second subchannel is transmitted in a current frame. 

135. A method of receiving signaling information at a user terminal in a 
wireless multiple-input multiple-output (MIMO) communication system, comprising: 

receiving signaling information sent at a first rate on a first subchannel of a 
forward control channel; and 

if signaling information for the user terminal is not obtained from the first 
subchannel, receiving signaling information sent at a second rate on a second 
subchannel of the forward control channel, wherein the second rate is higher than the 
first rate, and wherein the second subchannel is sent after the first subchannel. 

136. The method of claim 126, further comprising: 

if signaling information for the user terminal is not obtained from the second 
subchannel, receiving signaling information sent at a third rate on a third subchannel of 
the forward control channel, wherein the third rate is higher than the second rate, and 
wherein the third subchannel is sent after the second subchannel. 



137. The method of claim 126, further comprising: 
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terminating processing of the forward control channel upon encountering 
decoding failure for a subchannel of the forward control channel. 

138. An apparatus in a wireless multiple-input multiple-output (MIMO) 
communication system, comprising: 

a receive data processor operative to 

receive signaling information sent at a first rate on a first subchannel of a 
forward control channel, and 

if signaling information for the apparatus is not obtained from the first 
subchannel, receiving signaling information sent at a second rate on a second 
subchannel of the forward control channel, wherein the second rate is higher than the 
first rate, and wherein the second subchannel is sent after the first subchannel; and 

a controller operative to direct the processing for the first and second 
subchannels. 

139. The apparatus of claim 138, wherein the receive data processor is further 
operative to, if signaling information for the apparatus is not obtained from the second 
subchannel, receive signaling information sent at a third rate on a third subchannel of 
the forward control channel, wherein the third rate is higher than the second rate, and 
wherein the third subchannel is sent after the second subchannel. 

140. The apparatus of claim 138, wherein the controller is further operative to 
terminate processing of the forward control channel upon encountering decoding failure 
for a subchannel of the forward control channel. 

141. An apparatus in a wireless multiple-input multiple-output (MIMO) 
communication system, comprising: 

means for receiving signaling information sent at a first rate on a first 
subchannel of a forward control channel; and 

means for, if signaling information for the apparatus is not obtained from the 
first subchannel, receiving signaling information sent at a second rate on a second 
subchannel of the forward control channel, wherein the second rate is higher than the 
first rate, and wherein the second subchannel is sent after the first subchannel. 
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142. The apparatus of claim 141, further comprising: 

means for, if signaling information for the apparatus is not obtained from the 
second subchannel, receiving signaling information sent at a third rate on a third 
subchannel of the forward control channel, wherein the third rate is higher than the 
second rate, and wherein the third subchannel is sent after the second subchannel. 

143. The apparatus of claim 141, further comprising: 

means for terminating processing of the forward control channel upon 
encountering decoding failure for a subchannel of the forward control channel. 

144. A method of processing data for transmission in a wireless multiple-input 
multiple-output (MIMO) communication system, comprising: 

coding a data frame in accordance with a coding scheme to obtain a coded data 

frame; 

partitioning the coded data frame into a plurality of coded data subframes, one 
coded data subframe for each of a plurality of spatial channels; 

interleaving each coded data subframe in accordance with an interleaving 
scheme to obtain a corresponding interleaved data subframe, wherein a plurality of 
interleaved data subframes are obtained for the plurality of spatial channels; and 

modulating each interleaved data subframe to obtain a corresponding stream of 
modulation symbols, wherein a plurality of modulation symbol streams are obtained for 
the plurality of spatial channels. 

145. The method of claim 144, wherein the coded data frame is partitioned by 
completely filling one coded data subframe at a time. 

146. The method of claim 144, wherein the coded data frame is partitioned by 
cycling through the plurality of coded data subframes for a plurality of iterations and 
partially filling each coded data subframe with a particular number of code bits from the 
coded data frame in each iteration. 
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147. The method of claim 144, wherein each of the plurality of spatial 
channels is associated with a respective rate, wherein the rate for each spatial channel 
indicates a particular modulation scheme and a particular code rate to use for the spatial 
channel, and wherein the particular modulation scheme is selected from among a 
plurality of modulation schemes supported by the system and the particular code rate is 
selected from among a plurality of code rates supported by the system. 

148. The method of claim 147, wherein the plurality of code rates are 
obtained based on a single base code and a plurality of puncturing patterns. 

149. The method of claim 144, further comprising: 

puncturing each coded data subframe to obtain a code rate selected for the 
spatial channel for the coded data subframe: 

150. The method of claim 144, wherein the MIMO system utilizes orthogonal 
frequency division multiplexing (OFDM). 

151. The method of claim 150, wherein the coded data frame is partitioned by 
cycling through the plurality of coded data subframes for a plurality of iterations and 
partially filling each coded data subframe with code bits, from the coded data frame, for 
a group of M subbands in each iteration, where M is greater than one and less than a 
total number of subbands used for data transmission. 

152. The method of claim 151, wherein the interleaving is performed for the 
code bits for each group of M subbands. 

153. The method of claim 150, further comprising: 

processing the plurality of modulation symbol streams to obtain a plurality of 
streams of OFDM symbols, wherein the OFDM symbols have a cyclic prefix length 
selected from among at least two cyclic prefix lengths supported by the system. 



154. The method of claim 150, further comprising: 
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processing the plurality of modulation symbol streams to obtain a plurality of 
streams of OFDM symbols, wherein the OFDM symbols are of a size selected from 
among at least two OFDM symbol sizes supported by the system. 

155; An apparatus in a wireless multiple-input multiple-output (MIMO) 
communication system, comprising: 

an encoder operative to code a data frame in accordance with a coding scheme to 
obtain a coded data frame; 

a demultiplexer operative to partition the coded data frame into a plurality of 
coded data subframes, one coded data subframe for each of a plurality of spatial 
channels; 

an interleaver operative to interleave each coded data subframe in accordance 
with an interleaving scheme to obtain a corresponding interleaved data subframe, 
wherein a plurality of interleaved data subframes are obtained for the plurality of spatial 
channels; and 

a symbol mapping unit operative to modulate each interleaved data subframe to 
obtain a corresponding stream of modulation symbols, wherein a plurality of 
modulation symbol streams are obtained for the plurality of spatial channels. 

156. The apparatus of claim 155, wherein each of the plurality of spatial 
channels is associated with a respective rate, wherein the rate for each spatial channel 
indicates a particular modulation scheme and a particular code rate to use for the spatial 
channel, and wherein the particular modulation scheme is selected from among a 
plurality of modulation schemes supported by the system and the particular code rate is 
selected from among a plurality of code rates supported by the system. 

157. The apparatus of claim 155, wherein the MIMO system utilizes 
orthogonal frequency division multiplexing (OFDM). 

158. The apparatus of claim 157, wherein the demultiplexer is operative to 
partition the coded data frame by cycling through the plurality of coded data subframes 
for a plurality of iterations and partially filling each coded data subframe with code bits, 



WO 2004/039011 PCT/US2003/034514 

157 

from the coded data frame, for a group of M subbands in each iteration, where M is 
greater than one and less than a total number of subbands used for data transmission. 

159. The apparatus of claim 157, further comprising: 

a plurality of OFDM modulators operative to process the plurality of modulation 
symbol streams to obtain a plurality of streams of OFDM symbols, wherein the OFDM 
symbols have a cyclic prefix length selected from among at least two cyclic prefix 
lengths supported by the system. 

160. The apparatus of claim 157, further comprising: 

a plurality of OFDM modulators operative to process the plurality of modulation 
symbol streams to obtain a plurality of streams of OFDM symbols, wherein the OFDM 
symbols are of a size selected from among at least two OFDM symbol sizes supported 
by the system. 

161. An apparatus in a wireless multiple-input multiple-output (M1MO) 
communication system, comprising: 

means for coding a data frame in accordance with a coding scheme to obtain a 
coded data frame; 

means for partitioning the coded data frame into a plurality of coded data 
subframes, one coded data subframe for each of a plurality of spatial channels; 

means for interleaving each coded data subframe in accordance with an 
interleaving scheme to obtain a corresponding interleaved data subframe, wherein a 
plurality of interleaved data subframes are obtained for the plurality of spatial channels; 
and 

means for modulating each interleaved data subframe to obtain a corresponding 
stream of modulation symbols, wherein a plurality of modulation symbol streams are 
obtained for the plurality of spatial channels. 

162. The apparatus of claim 161, wherein each of the plurality of spatial 
channels is associated with a respective rate, wherein the rate for each spatial channel 
indicates a particular modulation scheme and a particular code rate to use for the spatial 
channel, and wherein the particular modulation scheme is selected from among a 
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plurality of modulation schemes supported by the system and the particular code rate is 
selected from among a plurality of code rates supported by the system. 

163. The apparatus of claim 161, wherein the MIMO system utilizes 
orthogonal frequency division multiplexing (OFDM). 

164. The apparatus of claim 163, wherein the coded data frame is partitioned 
by cycling through the plurality of coded data subframes for a plurality of iterations and 
partially filling each coded data subframe with code bits, from the coded data frame, for 
a group of M subbands in each iteration, where M is greater than one and less than a 
total number of subbands used for data transmission. 

165. The apparatus of claim 163, further comprising: 

means for processing the plurality of modulation symbol streams to obtain a 
plurality of streams of OFDM symbols, wherein the OFDM symbols have a cyclic 
prefix length selected from among at least two cyclic prefix lengths supported by the 
system. 

166. The apparatus of claim 163, further comprising: 

means for processing the plurality of modulation symbol streams to obtain a 
plurality of streams of OFDM symbols, wherein the OFDM symbols are of a size 
selected from among at least two OFDM symbol sizes supported by the system. 

167. A method of accessing a wireless multiple-access multiple-input 
multiple-output (MIMO) communication system, comprising: 

receiving system information via a first transport channel on a downlink; 

transmitting an access request via a second transport channel on an uplink, 
wherein the access request is transmitted based on the received system information; 

monitoring a third transport channel on the downlink for an acknowledgment of 
the transmitted access request; and 

repeating the receiving, transmitting, and monitoring if the acknowledgment is 
not received within a predetermined time period. 
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168. The method of claim 167, wherein the monitoring the third transport 
channel includes 

monitoring an acknowledgment bit in the first transport channel, and 
processing the third transport channel for the acknowledgment if the 
acknowledgment bit is set. 

169. The method of claim 167, wherein a plurality of access requests are 
transmitted. 

170. The method of claim 169, wherein the plurality of access requests are 
transmitted at successively lower rates. 

171. The method of claim 169, further comprising: 

waiting a pseudo-random period of time prior to transmitting a next access 
request among the plurality of access requests. 

172. The method of claim 169, further comprising: 

transmitting a steered pilot along with the access request on the second transport 
channel, the steered pilot being, sent on at least one eigenmode of a MIMO channel for 
the uplink. 

173. The method of claim 167, wherein the system information indicates a 
time interval in which transmission of access requests is allowed, and wherein the 
access request is transmitted within the time interval. 

174. The method of claim 167, wherein the system information indicates a 
particular number of slots in which transmission of access requests is allowed, and 
wherein the access request identifies a specific slot in which the access request is 
transmitted. 

175. The method of claim 174, wherein the slots have a time duration 
configurable by the system. 
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176. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MMO) communication system, comprising: 

a receive data processor operative to receive system information via a first 
transport channel on a downlink; 

a transmit data processor operative to process an access request for transmission 
via a second transport channel on an uplink, wherein the access request is transmitted 
based on the received system information; 

a controller operative to monitor a third transport channel on the downlink for an 
acknowledgment of the transmitted access request, and 

wherein the receive data processor is operative to receive updated system 
information, the transmit data processor operative to process another access request, and 
the controller operative to monitor the third transport channel if the acknowledgment is 
not received within a predetermined time period. 

177. The apparatus of claim 176, wherein the controller is operative to 
monitor an acknowledgment bit in the first transport channel and to direct the receive 
data processor to process the third transport channel for the acknowledgment if the 
acknowledgment bit is set. 

178. The apparatus of claim 176, wherein a plurality of access requests are 
transmitted. 

179. The apparatus of claim 178, wherein the plurality of access requests are 
transmitted at successively lower rates. 

180. The apparatus of claim 178, wherein the controller is operative to wait a 
pseudo-random period of time prior to initiating transmission of a next access request 
among the plurality of access requests. 

181. The apparatus of claim 178, further comprising: 

a transmit spatial processor operative to transmit a steered pilot along with the 
access request on the second transport channel, the steered pilot being sent on at least 
one eigenmode of a MMO channel for the uplink. 
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182. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MIMO) communication system, comprising: 

means for receiving system information via a first transport channel on a 
downlink; 

means for transmitting an access request via a second transport channel on an 
uplink, wherein the access request is transmitted based on the received system 
information; 

means for monitoring a third transport channel on the downlink for an 
acknowledgment of the transmitted access request; and 

means for repeating the receiving, transmitting, and monitoring if the 
acknowledgment is not received within a predetermined time period. 

183. The apparatus of claim 182, wherein the means for monitoring the third 
transport channel includes 

means for monitoring an acknowledgment bit in the first transport channel, and 
means for processing the third transport channel for the acknowledgment if the 
acknowledgment bit is set. 

184. The apparatus of claim 182, wherein a plurality of access requests are 
transmitted. 

185. The apparatus of claim 184, wherein the plurality of access requests are 
transmitted at successively lower rates. 

186. The apparatus of claim 184, further comprising: 

means for waiting a pseudo-random period of time prior to transmitting a next 
access request among the plurality of access requests. 

187. The apparatus of claim 184, further comprising: 

means for transmitting a steered pilot along with the access request on the 
second transport channel, the steered pilot being sent on at least one eigenmode of a 
MIMO channel for the uplink. 
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188. A method of transmitting data in a wireless time division duplex (TDD) 
multiple-access multiple-input multiple-output (MEMO) communication system, 
comprising: 

estimating a channel response of a first communication link; 

determining at least one rate for at least one spatial channel of a second 
communication link, one rate for each spatial channel, based on the estimated channel 
response of the first communication link; and 

transmitting data on the at least one spatial channel of the second 
communication link at the at least one rate. 

189. The method of claim 188, wherein the first communication link is an 
uplink and the second communication link is a downlink in the MMO system. 

190. The method of claim 188, further comprising: 

estimating signal-to-noise-and-interference ratios (SNRs) of a plurality of spatial 
channels of the second communication link based on a noise estimate for the first 
communication link and the estimated channel response of the first communication link; 
and 

selecting the at least one spatial channel from among the plurality of spatial 
channels based on the SNRs of the plurality of spatial channels. 

191. The method of claim 190, wherein the at least one spatial channel is 
further selected based on a water-filling procedure, and wherein the at least one rate is 
determined based on SNR of the at least one spatial channel and the water-filling 
procedure. 

192. The method of claim 188, wherein the MIMO system utilizes orthogonal 
frequency division multiplexing (OFDM).. 

193. The method of claim 192, wherein a plurality of spatial channels are 
obtained for each of a plurality of subbands, wherein a plurality of wideband spatial 
channels are formed by the plurality of spatial channels of the plurality of subbands, 
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each wideband spatial channel including one spatial channel of each of the plurality of 
subbands. 

194. The method of claim 193, wherein at least one wideband spatial channel 
is selected for data transmission based on SNRs for the plurality of spatial channels of 
the plurality of subbands. 

195. The method of claim 194, wherein the at least one wideband spatial 
channel is further selected based on channel inversion to achieve similar SNRs across 
the plurality of subbands of each wideband spatial channel. 

196. The method of claim 188, wherein the channel response of the first 
communication link is estimated based on a steered pilot received via a plurality of 
eigenmodes of the first communication link, and wherein each of the at least one spatial 
channel corresponds to one of the plurality of eigenmodes. 

197. An apparatus in a wireless time division duplex (TDD) multiple-access 
multiple-input multiple-output (MIMO) communication system, comprising: 

a controller operative to estimate a channel response of a first communication 
link and to determine at least one rate for at least one spatial channel of a second 
communication link, one rate for each spatial channel, based on the estimated channel 
response of the first communication link; and 

a transmit data processor operative to process data based on the at least one rate 
for transmission on the at least one spatial channel of the second communication link. 

198. The apparatus of claim 197, wherein the controller is further operative to 
estimate signal-to-noise-and-interference ratios (SNRs) of a plurality of spatial channels 
of the second communication link based on a noise estimate for the first communication 
link and the estimated channel response of the first communication link, and to select 
the at least one spatial channel from among the plurality of spatial channels based on the 
SNRs of the plurality of spatial channels. 
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199'. The apparatus of claim 198, wherein the controller is further operative to 
select the at least one spatial channel based on a water-filling procedure, and to 
determine the at least one rate based on SNR of the at least one spatial channel and the 
water-filling procedure. 

200. The apparatus of claim 197, wherein the MEMO system utilizes 
orthogonal frequency division multiplexing (OFDM). 

201. The apparatus of claim 200, wherein a plurality of spatial channels are 
obtained for each of a plurality of subbands, wherein a plurality of wideband spatial 
channels are formed by the plurality of spatial channels of the plurality of subbands, 
each wideband spatial channel including one spatial channel of each of the plurality of 
subbands. 

202. An apparatus in a wireless time division duplex (TDD) multiple-access 
multiple-input multiple-output (MIMO) communication system, comprising: 

means for estimating a channel response of a first communication link; 

means for determining at least one rate for at least one spatial channel of a 
second communication link, one rate for each spatial channel, based on the estimated 
channel response of the first communication link; and 

means for transmitting data on the at least one spatial channel of the second 
communication link at the at least one rate. 

203. The apparatus of claim 202, further comprising: 

means for estimating signal-to-noise-and-interference ratios (SNRs) of a 
plurality of spatial channels of the second communication link based on a noise estimate 
for the first communication link and the estimated channel response of the first 
communication link; and 

means for selecting the at least one spatial channel from among the plurality of 
spatial channels based on the SNRs of the plurality of spatial channels. 

204. The apparatus of claim 203, wherein the at least one spatial channel is 
further selected based on a water-filling procedure, and wherein the at least one rate is 
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determined based on SNR of the at least one spatial channel and the water-filling 
procedure. 

205. The apparatus of claim 202, wherein the MIMO system utilizes 
orthogonal frequency division multiplexing (OFDM). 

206. The apparatus of claim 205, wherein a plurality of spatial channels are 
obtained for each of a plurality of subbands, wherein a plurality of wideband spatial 
channels are formed by the plurality of spatial channels of the plurality of subbands, 
each wideband spatial channel including one spatial channel of each of the plurality of 
subbands. 

207. A method of transmitting data in a wireless multiple-access multiple- 
input multiple-output (MIMO) communication system, comprising: 

estimating a channel response of a first communication link; 

determining at least one supported rate for at least one spatial channel of the first 
communication link based on the estimated channel response, one supported rate for 
each spatial channel, each supported rate indicating a maximum rate supported by the 
corresponding spatial channel for a predetermined level of performance; 

sending the at least one supported rate via a second communication link to a 
transmitting entity; 

receiving at least one selected rate for the at least one spatial channel, one 
selected rate for each spatial channel, each selected rate being equal to or less than the 
supported rate for the spatial channel; and 

receiving data transmission on the at least one spatial channel of the first 
communication link at the at least one selected rate. 

208. The method of claim 207, wherein the first communication link is an 
uplink and the second communication link is a downlink in the MIMO system. 

209. The method of claim 207, wherein the estimated channel response of the 
first communication link includes signal-to-noise-and-interference ratios (SNRs) for a 
plurality of spatial channels of the first communication link, and wherein the at least one 
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spatial channel is selected from among the plurality of spatial channels based on the 
SNRs for the plurality of spatial channels. 

210. The method of claim 209, wherein the at least one spatial channel is 
further selected based on a water-filling procedure, and wherein the at least one 
supported rate is determined based on SNR for the at least one spatial channel and the 
water-filling procedure. 

211. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MMO) communication system, comprising: 

a controller operative to estimate a channel response of a first communication 
link and to determine at least one supported rate for at least one spatial channel of the 
first communication link based on the estimated channel response, one supported rate 
for each spatial channel, each supported rate indicating a maximum rate supported by 
the corresponding spatial channel for a predetermined level of performance; 

a transmit data processor operative to send the at least one supported rate via a 
second communication link to a transmitting entity; 

a receive data processor operative to 

receive at least one selected rate for the at least one spatial channel, one selected 
rate for each spatial channel, each selected rate being equal to or less than the supported 
rate for the spatial channel, and 

process data transmission received on the at least one spatial channel of the first 
communication link at the at least one selected rate. 

212. The apparatus of claim 211, wherein the estimated channel response of 
the first communication link includes signal-to-noise-and-interference ratios (SNRs) for 
a plurality of spatial channels of the first communication link, and wherein the 
controller is operative to select the at least one spatial channel from among the plurality 
of spatial channels based on the SNRs for the plurality of spatial channels. 

213. The apparatus of claim 212, wherein the controller is operative to further 
select the at least one spatial channel based on a water-filling procedure and to 
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determine the at least one supported rate based on SNR for the at least one spatial 
channel and the water-filling procedure. 

214. An apparatus in a wireless multiple-access multiple-input multiple- 
output (MIMO) communication system, comprising: 

means for estimating channel response of a first communication link; 

means for determining at least one supported rate for at least one spatial channel 
of the first communication link based on the estimated channel response, one supported 
rate for each spatial channel, each supported rate indicating a maximum rate supported 
by the corresponding spatial channel for a predetermined level of performance; 

means for sending the at least one supported rate via a second communication 
link to a transmitting entity; 

means for receiving at least one selected rate for the at least one spatial channel, 
one selected rate for each spatial channel, each selected rate being equal to or less than 
the supported rate for the spatial channel; and 

means for receiving data transmission on the at least one spatial channel of the 
first communication link at the at least one selected rate. 

215. The apparatus of claim 214, wherein the estimated channel response of 
the first communication link includes signal-to-noise-and-interference ratios (SNRs) for 
a plurality of spatial channels of the first communication link, and wherein the at least 
one spatial channel is selected from among the plurality of spatial channels based on the 
SNRs for the plurality of spatial channels. 

216. The apparatus of claim 215, wherein the at least one spatial channel is 
further selected based on a water-filling procedure, and wherein the at least one 
supported rate is determined based on SNR for the at least one spatial channel and the 
water-filling procedure. 
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